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ABSTMAC

High-voltage electron beam welding techniques capable of producing butt
welds of optimum strength and ductility were developed for B12OVCA titanium,
D6AC steel, molybdenum-0.5% titanium to tungsten, and beryllium. Welds were
produced in material thicknesses of 0.125 inch for the B12OVCA titanium;
0.290 inch and 0.090 inch for the D6AC steel; 0.100 inch, 0.050 inch, and
0.005 inch for the molybdenum-0.5% titanium welded to tungsten; and 0.040
inch for the beryllium. The effects of thermal treatments (aging and heat
treating) were investigated in the B12OVCA and D6AC by welding and testing
a variety of weld/thermal treatment combinations.

A comprehensive preliminary welding phase was conducted during which the
effects of various welding conditions on weld-zone characteristics were
evaluated by visual, radiographic or dye penetrant, and metallographic
inspection. Welds were evaluated for extent of fusion, grain size, cracking,
porosity, and other pertinent effects.

Butt welds of each material thickness, joint combination, and thermal
treatment (where applicable) were evaluated for mechanical properties. Weld
tensile properties were determined at room temperature for all conditions,
at temperatures to 2200 F for molybdenum to tungsten, and at temperatures to
1000 F for beryllium. Weld transverse bend ductilities were determined by
bend testing at temperatures to 1000 F. The internal-notch tensile
properties (G•) of B12OVCA titanium and D6AC steel were determined at room
temperature. Room-temperature impact tests were performed on 0.290-inch
D6AC.

Results of the metallographic and mechanical property investigations of
the electron beam welds were compared with base-metal properties and with
published data for other joining techniques.
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Techniques were developed for the production of high quality electron
beam welds in several representative aerospace materials; specifically butt
welding techniques were developed for 0.125-inch MI20VCA titanium, 0.290-
and 0.090-inch D6AC low alloy steel, 0.100-, 0.050-, and 0.005-inch molyb-
denum-O.5% titanium to tungsten, and 0.040-inch beryllium. The B12OVCA
titanium and D6AC steel were welded in a variety of heat-treated conditions.

Optimum welding techniques were developed through an evaluation of the
effects of welding parameters upon the weld-zone characteristics of a series
of trial welds. Specific welding conditions evaluated included: accelerating
voltage, to 150,000 volts; beam current, to 21 milliamperes; welding speed,
to 120 inches per minute; beam diameter, 0.010 to 0.025 inch; 60-cycle beam
oscillation, to amplitudes of + 0.200 inch; and beam pulsing techniques,
10 to 3,000 cycles per second with beam on-times of 0.05 to 10'milliseconds.
Trial welds were evaluated by visual, radiographic, dye penetrant, and
metallographic techniques.

Final welds were produced in each material thickness, heat treatment
(where applicable), and joint combination using the best weld settings
developed during the trial-weld phase of the program.

Highest-quality welds in B12OVCA titanium were produced using a slightly
defocused beam that was oscillated in the direction of welding. The 0.090-
inch D6AC steel was also welded with a defocused beam. (0.015-inch diameter)
in order to eliminate the weld bead irregularities .vhich appear to be
characteristic of electron beam welds in D6AC produced by the consumable
electrode vacuum-cast process. Final weldments in 0.290-inch" D6A were
produced using a two-pass technique, the second pass serving as a clean-up
pass to smooth the irregular top'bead;

For all thicknesses of the molybdenum-O.5% titanium welded to tungsten
joint combination beam location relative to the joint cienterline was the most
important single parameter. location of.the beam up to 0.006 inch on'the
tungsten side of the joint produced welds with minimum fusion, recrystalliza-
tion, and grain size. Optimum welds in beryllium were produced using
moderately high-power densities together with .slow welding spee.ds.

All final welds were inspected by radiographic and dye penetrant
techniques. The tensile properties of. the welds in all matelials were de-
termined at room temperature; at 1600 F, 1900 F, and 2200 F .for the molyb-
denum-0.5% titanium welded to tungsten; and at 500 F and 1000 F for the
beryllium. Weld ductility was determined by transverse, bend testing at
temperatures to 1000 F. Ductile-to-brittle transition temperatures were
established from the bend-test results. Impact tests were performed upon
0.290-inch D6AC welds at room temperature.

Manuscript released Sy authors 23 January 1963 for publication as an ASD
Technical Documentary Report.
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SUMMARY (Continued)

The fracture-toughness properties of welds in B12OVCA titanium and
D6AC steel were determined using a recently developed internal-notch tensile
testing technique. This technique, which utilizes a load-deflection curve
of an internally notched specimen, was used to calculate Gc* values.

For all materials, the electron beam welds exhibited depth-to-width
ratios greater than and grain sizes less than those generally obtained in
conventionally produced fusion welds in similar material thicknesses.

Electron beam welds in all materials possessed strength properties
that were generally in excess of those exhibited by similar joints produced
by conventional fusion welding techniques. Welds in heat-treated D6AC ex-
hibited ultimate tensile strengths exceeding 95 percent of base-metal
strength. The tensile strengths of the molybdenum-0.5% titanium to tung-
sten welds at 2200 F and of the beryllium welds at 1000 F were equivalent
to base-metal strengths at similar temperatures. Relative tensile strengths
of the molybdenum-0.5% titanium to tungsten and beryllium welds decreased
with decreasing temperature, reaching at room temperature seventy percent
of the molybdenum-0.5% titanium recrystallized base-metal strength and
sixty-five percent of the beryllium base-metal strength, respectively.

As might be expected, the transverse bend ductility of the electron
beam weldments was, in general, somewhat lower than that of the correspond-
ing base metals. For beryllium, the ductile-to-brittle transition tempera-
ture was 640 F above the base-metal transition temperature. All thicknesses
of the molybdenum-0.5% titanium welded to tungsten exhibited transition tem-
peratures at least 225 F lower than electron beam weldments in equivalent
thicknesses of tungsten welded to itself. Both the cold rolled and aged
Bl2bVCA base metal and the B120VCA electron beam welds in all aged conditions
were able to withstand bend angles of only twenty degrees prior to failure,
when tested at temperatures up to their respective aging temperatures.
Electron beam welds in D6AC steel that were heat treated after welding
exhibited a transition temperature approximately 30 F above the heat-treated
base-metal transition temperature. When welded in the less ductile heat-
treated conditionthe resultant weld ductile-to-brittle transition temperature
was approximately 80 F above the base-metal transition temperature.

The results of fracture-toughness testing of B120VCA titanium welds
revealed that electron beam welds in all aging conditions of this titanium
alloy exhibit fracture-toughness properties superior to those of the base
metal in equivalent aged conditions.

The fracture-toughness and impact properties of D6AC steel tested in
the as-welded condition were poor because of extremely hard and brittle
untempered martensite present in the fusion zone. However, when heat
treated or tempered subsequent to welding, the D6AC weldments retained up
to seventy percent of the base-metal fracture toughness.

Analysis of tensile and fracture-toughness data for 0.290-inch D6AC
indicated the presence of an inherent weld zone dibcontinuity resulting
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SUMARY (Continued)

from the extremely columnar grain solidification pattern of the fusion zone.
This intergranular discontinuity, not detected by normal veldment inspection
techniques, in combination with the brittle untempered martensite present in
welds tested without post-welding thermal treatment, contributed to the low
ductility and fracture-touglmess exhibited by the 0.290-inch D6AC welds.
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INTRODUCTION

The increased materials demand of aerospace technology has created new
uses for a spectrum of materials. All-beta titaniums, high-strength tool
steels, refractory metals, and beryllium are just four of the varied classes
of materials currently in use. The production of reliable joints of
adequate strength, and in many cases with a minimum of post-weld treatment,
is a definite requirement for present and future production.

The high-voltage electron beam welding process, with its inherent
minimal energy input to the workpiece and relatively narrow weld zones,
offers a welding technique which shows promise of being able to satisfy the
above mentioned reliability and minimum processing requirements. In the
relatively few short years since its introduction as a joining technique,
the electron beam process has demonstrated its ability to reliably join
almost all metals and alloys known to modern-day technology. In addition, a
wide variety of dissimilar metal joints (metallurgical compatability of the
base materials being the limiting factor) and materials in various thermal 4
treatments have been successfully welded. All of these advantages indicate
increasing use of the electron beam welding process in aerospace technology.

The program reported herein was undertaken to investigate the
application of electron beam welding as a joining technique for the following
materials: Bl2OVCA, an all-beta titanium alloy; D6AC, a low alloy high-
strength steel; molybdenum-0.5% titanium to tungsten, a dissimilar re-
fractory metal joint; and beryllium, a light structural metal. The
objective was to develop techniques for producing butt weldments in these
materials. For the B12OVCA titanium and D6AC steel, a variety of thermal
treatments were investigated.
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CONCUSIONS

Results of the electron beam welding program on aerospace materials
lead to the folloving conclusions:

1. High quality butt welds can be produced in commercially available
B12OVCA titanium, D6AC low alloy steel, arc-cast molybdenum-.05%
titanium welded to pure tungsten, and QMV-grade beryllium. For
all materials welded, relative grain size, fusion and heat-affec-
ted zone widths, and mechanical properties were generally superior
to arc welds in similar materials and thicknesses.

2. With slight modification of existing welding equipment to control
the exhausting of toxic vapors, beryllium can be reproducibly
welded by high-voltage electron beam techniques:

a. Highest quality welds in beryllium are. associated with
welding performed using a moderately high power density
and slow welding speed.

b. Beryllium welds produced during this program exhibited
strengths equivalent to base metal at 1000 F. Relative
tensile strength decreased with decreasing testing
temperature, reaching sixty-five percent of base-metal
strength at room temperature. The tensile and bend
ductilities of these welds were lower than those
associated with base metal.

c. Based on metallographic studies, improvement in weldment
mechanical properties can be expected with further
optimization of weld-zone microstructure.

3. The joint combination of molybdenum-0.5 titanium welded to
tungsten readily lends itself to fabrication by high-voltage
electron beam techniques:

a. Welds with minim- fusion and recrystallized zones and
relatively fine grain size are produced in molybdenum-0.5•%
titanium welded to tungsten when the beam is located up to
0.006 inch on the tungsten side of the joint and welding is
performed using a high power density beam and moderately
fast welding speeds.

b. In the temperature range of 1600 to 1900 F, the tensile
strengths exhibited by Joints produced in molybdenum-O.5%
titanium welded to tungsten by electron beam techniqLws
exceeded joint strengths of electron beam welds in either
tungsten or molybdenum-0.5% titanium welded to themselves.
At 2200 F, the molybdenum-O.5$ titanium welded to tungsten
possessed tensile strength equivalent to molybdenum-O.5%
titanium base-metal strength.
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CONCLUSIONS (Continued)

a. The transverse bend ductility of electron beam welded
molybdenum-0.5% titanium to tungsten falls into the range
of values established for electron beam welds in each
respective thickness of molybdenum-0.5% titanium and tungsten.

4. The susceptibility of the Bl2OVCA titanium to weld-bead surface
undercutting made it necessary to modify welding techniques in
order to produce smooth, non-undercut welds:

a. Optimum weld-bead surface quality was obtained when welding
was performed using a slightly defocused beam that was
oscillated longitudinally with respect to the welded Joint.

b. Electron beam welds in B12OVCA retained seventy-percent of
base-metal tensile strength; however, the base-metal
strength level tested (in excess of 220,000 psi) was higher
than generally utilized for this alloy.

c. Fracture-toughness properties of electron beam welds in all
Fging conditions of B120VCA were generally superior to those
of the base metal in equivalent aged conditions.

d. The high strength level of the B120VCA base metal used in
the program contributed to the poor transverse bend ductility
in both base metal and electron beam welds.

5. As with the B12OVCA titanium, modified welding techniques were
required to produce smooth continuous weld beads in D6AC steel:

a. Weld-bead auality was dependent upon welding with a slightly
defocused beam.

b. The combination of the extremely high hardenability of the
D6AC steel and the rapid quench rates associated with
electron beam welding creates a solidification mechanism
which produces a brittle martensite in the fusion zone.
Immediate tempering is required to prevent cracking and
improve mechanical properties.

c. The room-temperature tensile strength of electron beam welds
in both thicknesses of D6AC steel exceeds ninety-percent of
base-metal strength when welded in the heat-treated condition.

d. Weldments in D6AC steel that were given an immediate post-
welding temper exhibited the highest tensile ductility, re-
taining sixty-percent of heat-treated base-metal ductility.
Fracture-toughness results indicated higher toughness for
weldments with post-welding thermal treatment.
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CONCLUSIONS (Continued)

6. Considerable improvement in strength and ductility of electron beam
welds in B12OVCA titanium and D6AC steel ean be achieved using
welding parameters which produce deep narrow weld zones of minimum
energy input. The surface irregularities that characterize Bl2OVCA
and D6AC welds produced under such conditions can be eliminated by
using a second clean-up pass, or filler metal of base-metal com-
position.



RECOM1E!DATIONS

The following recommendations are based on the results of the program:

1. Further work with beryllium should be conducted to develop optimum
high-power-density electron beam welding techniques which produce
random, fine-grained weld zone microstructures. Investigation
should be conducted to determine if any relationship exists among
chamber pressure, input power density, and weld quality.

2. The successful welding technioues developed in the present program
for welding molybdenum-O .5% titanium to tungsten should be evaluated
as production techniques through the welding of prototype parts.
The prototypes should represent a variety of configurations and
should be evaluated by techniques pertinent to the end use of the
parts.

3. To provide fin-ther improement in the strength and ductility of
electron beam weldments in B120VCA titaniLum and D6AC steel, high-
power-density electron beam welding techniques should be developed
using filler metal of base-metal composition as a means of eliminat-
ing undercutting and other surface discontinuities associated with
the deep, narrow weld zones with minimum fusion and heat effect
in these materials.

4. The use of preheating and an immediate post-weld thermal treatment
should be investigated for D6AC steel. Evaluation should be con-
centrated on obtaining weld zone microstructures free from any
brittle untempered martensite.

5. Further work should be conducted on the high-voltage electron beam
welding of Bl20VCA titanium in an optimum aged condition. The
proper aging treatment should be selected through a comprehensive
tensile and fracture-toughness testing program designed to determine
the optimum combination of strength and toughness for a given
strength level.
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Description of Tests

Material

All material used throughout the welding program was representative of
commercially available B12OVCA titanium, D6AC steel, molybdenum-0.5% titanium,
pure tungsten, and beryllium. A complete list of the material used in the
program is found in Table 1.

B12OVCA titanium was received in the solution-treated condition. Two
plate thicknesses were obtained to be used for the various processing and
aging combinations. 0.125-inch plate solution treated after fabrication was
aged by normal procedures, and 0.250-inch solution-treated plate was cold
rolled to a cross-section of 0.125 inch to investigate the weldability of
B12OVCA plate aged to the high strengths obtainable in the cold-worked
condition. Cold rolling to a reduction of 50% was performed using 21
reduction passes.

D6AC steel, produced as consumable electrode vacuum-cast material, was
obtained in the annealed condition. Both the 0.320-inch and 0.110-inch
thick plate were received in the as-rolled condition and consequently plate
surfaces were characterized by hot-rolling scale and decarburization to a
thickness of 0.015 inch. Surface grinding of all D6AC steel was required
to produce plate suitable for welding and testing. Final D6AC plate
thicknesses used in the program were 0.290 inch and 0.090 inch.

molybdenum-0.5% titanium (Mo-0.5% Ti) and pure tungsten in sheet
thickness of 0.100 inch, 0.050 inch and 0.005 inch were transferred to the
program from a previous welding program conducted under ASD sponsorship.*
Additional Mo-0.5% Ti and pure tungsten sheet 0.050-inch thick were
obtained to supplement the material available. All of the Mo-0.5% Ti was
arc-cast material; the pure tungsten was produced by powder metallurgy
techniques.

Q•V grade beryllium in a sheet thickness of 0.040 inch was supplied
by the Air Force. This sheet was produced in an early phase of the Air
Force sheet rolling program and may not be representative of that produced
in the later phases. A complete description :,f the materials appears in
Results of Tests, Base Metal.

Machining

Standard machining procedures were used for the cutting, grinding,
milling, drilling and polishing of both the B120VCA titanium and the D6AC
steel.

The hot-rolling scale and decarburization present on both thicknesses
of D6AC steel were removed through a series of grinding operations. Initially,"'
both faces of the plates were rough ground to a predetermined depth using a
Blanchard grinder. Final finishing operations were performed on a standard
surface grinder. All surface grinding was performed in a direction parallel
to the sheet rolling direction. Figure 1 illustrates the 0.300-inch (nominal)

*AF 33(616)-74,39, Task No. 73516
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Description of Tests (Continued)

D6AC plate in both the as-received and surface ground condition.

Spark-erosion techniques were used for the machining of the 'internal-
notch configuration into the BI2OVCA titanium and both thicknesses of the
D6AC steel. In all cases, highest quality cuts were obtained using graphite
electrodes and employing slow feeds and a two-ampere discharge current. Due
to the inherent brittleness of both the Mo-0.5% Ti and tungsten, ;specialized
and carefully controlled machining procedures were required. Telhniques
developed at Hamilton Standard during a previous Mo-0.5% Ti and tungsten
welding investigation were used throughout the present program. These
machining procedures are discussed in detail in the summary technical report
for that program. 1

Machining of beryllium was performed on a subcontract basis due to the
toxicity of the material and the lack of established facilities and
procedures required to safely perform machining operations at Hamilton
Standard.

Machined surfaces on all Mo-0.5% Ti, tungsten, and beryllium specimens
subjected to mechanical testing were polished to minimize machining defects
which could propagate premature failure. For Mo-0.5% Ti and tungsten,
machined surfaces were chemically polished by a five-minute immersion in a
s, 'ution of 67% lactic acid, 22% HN0 3 , and 11% HF followed by a water rinse.
The beryllium machined surfaces were chemically polished by five-minute
immersion in a solution of 2% HF, 4o% HN03, and 58% H20 followed by a water
rinse. (All percentages volume percent.) After machining, all specimens
intended for final welding or for mechanical testing were inspected for
cracks and laminations.

Thermal Treatments

The aging treatments used in the subject program for both the solution
treated and the solution treated and 50% cold-rolled B12OVCA titanium base
metal and weldments were based on highest consistently attainable tensile
strength values of 0.125-inch thick specimens.

The aging response of the 0.125-inch solution-treated B120VCA titanium
was determined at a temperature of 900 F and at aging times of 12 to 96
hours. The results of this evaluation are shown in Figure 2. The material
exhibited an .xcellent aging response as indicated by the maximum tensile
strength obtained (226,000 psi). Based on the strength values shown in
Figure 2, the optimum aging treatment for the 0.125-inch solution-treated
B12OVCA titanium was chosen as 72 hours at 900 F.

The aging response of the 0.125-inch thick solution treated 50% cold-
rolled (received as 0.250-inch solution-treated plate) Bl2OVCA titanium was
determined at a temperature of 800 F and at aging times of 4 to 20 hours.
The results of this evaluation are shown in Figure 3. The material exhibited
a good aging response as indicated by the maximum tensile strength obtained
(250,000 psi) for a 16 hour aging treatment. The 12 hour aging treatment
produced a slightly lover tensile strength (244,000 psi) than the 16 hour
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Description of Tests (Continued)

aging treatment, but the elongation values were slightly higher and there
was a greater spread between tensile-strength values and yield-strength
(0.2% offset) values. Therefore, the optimum aging treatment for the 0.125-
inch solution treated and 50% cold-rolled B120VCA titanium was chosen as 12
hours at 800 F.

Severe surface contamination on a trial lot of the solution-treated
B12OVCA titanium appeared after aging at 900 F for 72 hours in air. There-
fore, all 72 hour aging treatments at 900 F were performed in an argon
atmosphere. Aging at 900 F for 72 hours in argon produced only minor
surface contamination which was equivalent to that resulting from the 800 F -

12 hour - air atmosphere aging treatment.

The surface contamination resulting from both titanium aging treatments
was easily removed by the following cleaning procedure:

A. Rinse specimens in warm (110 F) solution of one (1) part HF,
10 parts HN0 3 , and 20 parts H2 0 up to five minutes.

B. Water rinse.

C. Rinse off scale in hot (150 F) 30% aqueous solution of H2 SO4
up to five minutes.

D. Water rinse and air dry.

All B120VCA titanium specimens were cleaned as above prior to aging.

In order to produce optimum properties at a strength level of approxi-
mately 240,000 psi (Rockwell C50 hardness) the following heat treatment was
chosen for both thicknesses of D6AC low alloy steel base metal and weldments:

A. Copper plate for surface protection.

B. * Fixture to prevent distortion.

C. Austenitize at 1600 F for one (1) hour, or one hour per inch of
thickness, in endothermic atmosphere.

D. Oil quench (120 - 140 F oil, severely agitated)

E. Air cool to room temperature.

* Fixture at this step if not done prior to hardening

F. Double temper at 700 F, four (4) hours each, with intermittent
and final air cool to room temperature.

G. Remove fixtures.

H. Strip copper plate.

11



Description of Tests (Continued)

The endothermic atmosphere was used to prevent surface decarburization.
The generated gas, which contained CH4, CO, H2, and N2i was adjusted to
neutrality toward the D6AC by controlling the dew point. A protective
thickness of electroplated copper was applied to the D6AC as an additional
guard against surface decarburization.

Distortion of the 0.090-inch D6AC was minimized by fixturing prior to
hardening or prior to tempering depending on the size of the load.

Base-metal Evaluation

All material used in the program was visually inspected in the as-
received condition. Particular emphasis was placed upon the inspection of
the tungsten, Mo-0.5% Ti, and beryllium sheet for cracks, laminations, and
general surface quality.

Samples extracted from each material thickness were subjected to
chemical analysis. Metallic alloying elements and impurities were de-
termined by spectrographic analysis, oxygen and hydrogen contents were de-
termined by vacuum fusion analysis, and the nitrogen content was determined
by the Kjeldahl method. Carbon analyses for the tungsten and molybdenum-
0.5% titanium were supplied by the material vendors. The beryllium was not
analyzed; however, an analysis was supplied by the sheet fabricator.

Thorough metallographic evaluation was performed on all material
thicknesses in the as-received condition. Additional evaluation was per-
formed on B12OVCA titanium and D6AC steel after heat treatment, and tungsten
and Mo-0.5% Ti after recrystallization. The evaluation included hardness
testing and metallographic examination for the presence of inclusions (such
as carbides, nitrides, and oxides), laminations, and other defects that
would inhibit weldability.

All specimens for metallographic examination were mounted in bakelite
and prepared for examination by standard grinding and polishing techniques.
Microstructures were revealed by etching using the etchants and etching
procedures listed in Table 2.

Diamond - pyramid hardness values were determined on a Zwick Micro-
hardness Testing Machine. All microhardness determinations were made using
a 200-gram load.

Room-temperature tensile tests were performed on all materials in all
thicknesses and heat treatments (where applicable). In addition, tensile
tests were performed on the 0.050-inch Mo-0.5% Ti at 1600 F, 1900 F, and
2200 F; on the 0.050-inch tungsten at 2200 F, and 2500 F, 2800 F; and on the
0.040-inch beryllium at 1000 F. The specimens used for both room and
elevated-temperature tensile testing are shown in Figures 4 through 7.

During the room-temperature tensile testing of tungsten, Mo-0.5% Ti,
and beryllium, the fixture shown in Figure 8 was employed. The fixture was
equipped with a rigid, removable member which isolated all stresses from the
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Description of Tests (Continued)

tensile specimen during test setup. This minimized premature brittle
failures induced by specimen mishandling. The fixture also provided a more
positive method of gripping the specimens during application of the tensile
load.

Elevated-temperature tensile testing of beryllium was performed in a
stagnant air atmosphere using a standard ceramic muffle type tensile testing
furnace. The beryllium tensile specimen was contained within the furnace
in a protective tube-pull rod assembly shown in Figure 9. This protective
tube served to confine all beryllium particles that were produced during
failure of the specimen.

Elevated-temperature tensile tests of both tungsten and Mo-0.5% Ti were
conducted in a Marshael 3000 F tensile testing furnace at a vacuum of
approximately 1 x 10-4 millimeters of mercury. Figure 10 illustrates the
furnace and control console in operating position. The specimen pull-rod
and gripping assembly for the high temperature tests is shown in Figure 11.
The grips, either tungsten or Mo-0.5% Ti bar, depending on the testing
temperature, were threaded into Inconel X pull rods, which operated in cooler
regions of the furnace. The tensile specimens were held in the grips with
tungsten pins. To minimize stresses, and thus eliminate specimen failure
during setup, a close-fitting, smooth walled tube was placed in the furnace
prior to specimen -pull rod insertion. This tube guided the assembled pull
rod and gripping unit into position and also protected the furnace heating
elements from damage during setup. Temperature measurements were made at
the specimen surface with a platinum/platinum - 10% rhodium thermocouple.
All specimens were stabilized at temperature for five minutes prior to -
testing. The short time at temperature was justified because of the long
heat up times (approximately one hour) and the relatively thin specimen
cross-section.

Transverse bend-ductility tests were conducted at room temperature on
all materials in all thicknesses and heat treatments (where applicable).
Figures 12 through 15 illustrate the bend-test specimen configuration. All
specimens were bent about an axis parallel to the material surface but
perpendicular to the sheet rolling direction. As the 0.050-inch tungsten,
0.040-inch beryllium all aged titanium, 0.290-inch annealed D6AC, and all
heat treated D6AC were brittle at room temperature, their ductile-to-brittle
transition temperatures were determined by bend testing at temperatures to
1000 F.

The elevated-temperature and room-temperature bend tests were conducted
using the setup illustrated in Figure 16. The figure shows the ambient box
and heating coils used for obtaining elevated temperatures. During the test,
spans of 2 inches for B12OVCA and 0.090-inch D6AC, 4.5 inches for the 0.290-
inch D6AC, and 1 1/4 inches for Mo-0.5% Ti, tungsten, and beryllium were
maintained between specimen supporting shoulders. Bend radii employed for
the various material thicknesses are listed in Table 3. The rate of
deflection used for all bend testing was 0.5 inch per minute. At elevated
temperatures the specimen temperature was continuously monitored with a
thermocouple placed in direct contact with the specimen. All specimens were
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Description of Tests (Continued)

bent until failure occurred or the limit of the fixture was reached.

Subsequent to bend testing, the specimens were visually examined to
determine the degree of ductility exhibited in the failure. Angle of bend
at failure was defined as the angle through which the specimen was bent,
from the horizontal plane, at the onset of failure. To serve as a standard
for the comparison of weld and base-metal properties, the ductile-to-brittle
transition temperature was arbitrarily defined as the temperature at which
a bend angle of 30 degrees was achieved before initiation of failure.

Internal-notch fracture toughness ("G.") tests were conducted at room
temperature on 16AC steel and B120VCA titanium in all thicknesses and heat
treatments. A detailed description of the procedures and theory entailed
in this highly specialized testing is presented in Appendix A.

Figures 17 and 18 illustrate a typical center-notch "Gc" specimen..
Figure 19 illustrates a "G." specimen in place in a standard Tinius Olsen
60,000-pound tniversal Tensile Machine .prior to testing. The special "Gc"
self-aligning clamping fixtures are shown in Figure 20.

Prior to testing, both tips of the central notch in the "Gc" specimen
were fatigue cracked using a Krouse Plate Cyclic Bending Machine shown in
Figure 21. The apparent surface-crack lengths at each notch tip were
inspected to ensure the existence of a "through" crack.

The specimen was bolted finger-tight in the self-aligning fixture and
preloaded to 2000 pounds. After readjusting the specimen for good
alignment, the specimen bolts were tightened with a wrench, and the apparent
tip-crack lengths recorded. A specially built, medium-magnification, 2-inch
gauge length, extensometer was clamped in place and the specimen tested at a
constant strain rate of 0.1-inch per minute to failure.

After failure, all fracture surfaces were evaluated for type of failure,

percent (%) shear, extent of "wing" cracks, and any abnormalities.

An autographic plot of load vs. strain was used to calculate the crack

length at the initiation of fast fracture, the net section stress, and the
fracture toughness.

Impact tests were performed at room temperature on all heat treatments
of 0.290-inch D6AC. The substandard size specimen used for impact testing
is shown in Figures 22 and 23. Testing was performed on a standard
pendulum-type impact testing machine.

Welding Equipment

All welding was performed on a Hamilton-Zeiss high-voltage, high power-
density electron beam welding machine. The Hamilton-Zeiss equipment,
Figure 24, is rated at three kilowatts, with accelerating potentials to
150,000 volts and beam currents to 20 milliamperes. Beam spot size can be
controlled by electromagnetic focusing to a diameter of less than 0.010-inch.
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Description of Tests (Continued)

A schematic of the electron gun is shown in Figure 25. The electrons
are formed and accelerated and the initial focus in determined by the triode-
type electron gun in the upper portion of the schematic. The triode gun
design permits regulation of the beam current independent of accelerating
potential. Thus, beam current can be continuously varied from zero to 20
milliamperes at any accelerating potential. The grid also permits pulsing
of the beam by cyclic variation of the grid voltage.

The optical system, apparent in the center of the column, is designed
so that weld location can be precisely controlled by viewing the workpiece
coaxially with the electron beam at magnfications of 20 or 40 power. The
optics not only permit exact location of beam impact point, but also permit
viewing of the joint during welding. Optical viewing was invaluable during
the preliminary phases of this program to observe the phenomena occurring
during and immediately subsequent to the welding operation; and, of course,
the optics were used continually for precise location of the beam at the
desired location.

The electromagnetic beam deflection system permits oscillation of the
electron beam in a wide variety of modes. Excitation of the deflection coils
with an AC electrical signal induces beam oscillation at corresponding
frequencies and wave shapes to a maximum amplitude of + 0.25 inch. The
utilization of beam oscillation provides wide control of heat distribution
to the workpiece.

Specific welding condition ranges available for the Hamilton-Zeiss
3 KW welding machine are summarized as follows:

Accelerating Voltage 0 to 150,000 volts
Beam Current 0 to 20 milliamperes
Maximum Beam Power 3 kilowatts
Welding Speed 0 to 120 inches per minute
Beam Oscillation Amplitude 0 to 0.250 inch
Beam Pulsing Rate 0.1 to 3000 cps
Beam Pulse on Times 0.05 to 10 milliseconds

Trial Welding

A comprehensive trial-welding program was conducted on each material
thickness, heat treatment (where applicable), and joint combination to
establish the best welding techniques. The primary purpose of trial welding
was to establish welding parameters for each material thickness, heat-treat
variation, and joint combination that gave butt welds of optimum appearance,
strength, and ductility.

Approximate welding conditions required for each material thickness,
heat-treat variation, and joint combination were established by making weld
passes at a variety of settings in solid blocks of material. Parameters
studied included accelerating voltage, beam current, welding speed, beam
oscillating conditions, location of beam focal point in relation to work-
piece surface, and location of beam in relation to joint centerline for the
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Description of Tests (Continued)

tungsten-to-Mo-0.5% Ti weldments (tungsten/Mo-0.5% Ti).

Experience has shown that under identical welding conditions, weld zone
characteristics developed in solid material closely approximate those
developed in actual butt welds. Therefore, analysis of a cross-section of
a weld pass in solid material provided a rapid method of determining the
range of settings required for an actual butt weld.

Trial butt welding was performed on the specimens illustrated in
Figures 26 and 27. To provide good fit-up, the mating edges of specimen
pairs were finish ground to approximately 32 RMS with sharp, non-broken
edges. Before welding, all specimens were degreased in hot trichloroethylene
and then chemically cleaned. The cleaning solutions used for all materials
welded are listed in Table 4. A typical butt-welding fixture is illustrated
in Figure 28. The pieces for welding were butted together and held in place
by hold-down straps.

Butt welds at a variety of settings were produced in all material
thicknesses, heat-treat variations, and material combinations. Table 5
lists the ranges of settings used for each joint type. Throughout the
trial welding phase of the program, feedback from previous trial-weld
evaluation was utilized for selection of trial-weld settings.

Trial-Weld Evaluation

The purpose of trial-weld evaluation was to determine, by various weld
evaluation procedures, which combination of welding-machine settings
produced the weld-zone characteristics that would promote optimum overall
weld appearance, weld strength, and ductility. The best settings
established in trial welding would then be used for producing welds for
final testing.

The evaluation procedure was conducted in three general phases: (1)
Visual inspection, (2) metallographic evaluation, and (3) fluorescent
penetrant, magnetic particle, and radiographic inspection. Welds which were
unacceptable with regard to visual inspection were either rejected immediately
or were metallographically evaluated for microstructure characteristics.
Naturally, all welds that were visually acceptable were also subjected to
metallographic evaluation. Radiographic and fluorescent penetrant inspections
were applied only to trial welds associated with welding conditions being
considered for final welding.

Visual inspection of the welds was performed on all specimens. In fact,
in many cases, the workpiece itself was observed during and immediately
after welding through the welding-machine optical viewing system. All welds
were visually inspected for undercutting, cracking, extreme bead roughness,
and similar surface effects.

Metallographic examination of the welds was performed on specimens
mounted and suitably prepared for metallographic evaluation following the
same procedures used for the base metal. For butt welds in all materials,
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cross-sections of the welds taken normal to the welding direction were
examined. Trial weldments in the 0.005-inch tungsten/Mo-0.5% TI were
evaluated by micro-examination of the weld beads. Previous experience has
shown that examination of weld beads, rather then weld cross-sections, of
relatively thin Joints yields more meaningful results.

Weld microstructures were evaluated for overall weld quality and
soundness. Particular emphasis was placed on determining the degree of
penetration, extent of fusion and heat-affected zones, grain size, and
grain solidification pattern. The weld zones were also examined for micro-
cracking and microporosity. Examination was conducted both before and after
etching. The same etchants used for base-metal evaluation were used during
the trial-weld evaluation phase of the program.

Fluorescent penetrant, magnetic particle, and radiographic inspection
techniques were used on welds produced by the potential final weld settings.
Because of the narrowness of electron beam welds, careful radiographic
inspection techniques, including radiographing the weld at a 30 degree angle
across the seam, were requiree.

The selection of final weld settings was guided by the results obtained

during trial-weld evaluation.

Final Welding

The best welding techniques established in trial welding were used to
produce butt weldments for mechanical property evaluation in the following
material conditions:

I. B12OVCA Titanium

a. 0.125-inch solution treated - aged 72 hours at 900 F - welded
b. 0.125-inch solution treated - welded - aged 72 hours at 900 F
c. 0.125-inch solution treated - cold rolled 50% - aged 12 hours at

800 F - welded

II. D6AC Steel

a. 0.290- and 0.090-inch - annealed - heat treated - welded
b. 0.290- and 0.090-inch - annealed - heat treated - welded - stress

relieved
c. 0.290- and 0.090-inch - annealed - welded - heat treated

III. Molybdenum-0.5% Titanium Welded to Tungsten

a. 0.005-inch Mo-0.5% Ti welded to 0.005-inch tungsten
b. 0.050-inch Mo-0.5% Ti welded to 0.050-inch tungsten
c. 0.100-inch Mo-0.5% Ti welded to 0.100-inch tungsten

IV. Beryllium

a. 0.OeO-inoh beryllium
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Description of Tests (Continued)

The final-weld specimen configurations are illustrated in Figures 29
through 38. The specimens were manufactured so that the edges for welding
were perpendicular to the rolling direction. All specimens were cleaned
and fixtured by the same techniques used in trial welding. Butt welding
was performed perpendicular to the sheet rolling direction. The final weld
settings used for each material thickness, heat treat-variation and joint
combination are listed in Table 6.

In order to protect final weldments against pick up of contaminents
from the welding fixture, the slot in the welding fixture shown in Figure 28
was always lined with strips of material corresponding to the base material
being welded. This procedure was especially important when welding titanium
and the refractory metals, materials that are sensitive to contamination
by foreign atoms.

Representative final weldments in the several materials are shown in

Figures 29 through 38.

Final Weld Evaluation

All final weld specimens were visually examined for undercutting, weld
cracking, and degree of penetration. Fluorescent penetrant, magnetic
particle, and radiographic inspection techniques were used on all specimens
for the detection of cracks and porosity. Representative final weld
specimens from each material thickness, heat-treat variation, and joint
combination were inspected by metallographic techniques for extent of fusion
and heat-affected zones, grain size, and grain solidification pattern. Micro-
hardness values were determined in weld-zone cross-sections by testing
techniques similar to those used on base metal. Microhardness surveys
were made across representative final weldments in all material thickness
and thermal treatment combinations.

The tensile properties of electron beam weldments were evaluated at room
temperature for all processing and aging variations of Bl2OVCA titanium, all
material thicknesses and heat treatments of D6AC steel, 0.O•0-inch beryllium,
and on 0.050-inch tungsten/Mo-0.5% Ti. In addition, tensile properties of
0.040-inch beryllium and 0.050-inch tungsten/Mo-0.5% Ti were evaluated at
elevated temperatures. Elevated-temperature tensile tests were performed on
specimens of 0.050-inch tungsten/mo-0.5% Ti at 1600 F, 1900 F, and 2200 F
and on specimens of 0.040-inch beryllium at 500 F and 1000 F. Specimens
and testing procedures were similar to those used for base-metal tensile
property evaluation. All tests were performed on w.1inents in the as-welded
condition; that is, the original weld-bead surface was intact with no
machining clean-up. Specimens were either tested as-welded, heat treated,
or stress relieved, depending upon the condition to be tested. After
fracture, all specimens were examined for origin (weld or base metal) of
failure.

The transverse bend-ductility and ductile-to-brittle transition
temperatures were determined for electron beam weldments in all processing
and aging variations of B120VCA titanium, all heat-treat variations of the
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Description of Tests (Continued)

0.090-inch D6AC steel, all thicknesses of tungsten/Mo-0.5% Ti, and 0.040-
inch beryllium. The specimens and testing procedures were similar to those
used on the base metal.

During all bend testing, the face of the weld (beam impingement side)
was placed in tension. As with the base metal, the specimens were visually
inspected after test to determine the angle at failure. The location of
failure, relative to the Joint centerline, was also noted.

The fracture toughness of weldments in all processing and aging
variations of BI2OVCA and all heat-treat variations of the 0.090-
inch D6AC steel was determined at room temperature. Specimens and testing
procedures were similar to those used for base-metal fracture toughness
property evaluation. All weldments were tested with the original weld bead
intact. Emphasis was placed on the careful placement of the center notch
within the fusion zone. Figure 39 illustrates a fracture-toughness tensile
specimen in a typical final weldment.

The room-temperature impact properties were determined for weldments
in all conditions of 0.290-inch D6AC. Specimens and testing procedures
similar to those used for base-metal evaluation were employed.
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Results of Tests

Base-metal Evaluation Results

Results of chemical analyses of each material thickness appear in
Table 7.

With the exception of the poor surface condition existing on the hot-
rolled D6AC plate, visual examination of the as-received base metal failed
to reveal any cracks, laminations or other defects.

Representative sections of all base metal in all conditions are
illustrated in Figures 40 through 60. Metallographic examination of the
as-received materials showed, in general, a lack of detectable inclusions
with the exception of the 0.050-inch Mo-0.5% Ti base metal. Inclusions
were revealed in 0.050-inch Mo-0.5% Ti after electropolishing. These
inclusions are apparent in Figure 50.

Decarburization to a depth of 0.015-inch below the surface was found
in both thicknesses of D6AC plate. Figure 61 shows a cross-section of D6AC
both before and after removal of the decarburized surface layer. The results
of hardness tests performed on all material thicknesses and conditions are
listed in Table 8.

Base-metal tensile test results at both room and elevated temperatures
(where applicable) are presented in Table 9. For reference, the variation
of base-metal strength with temperature is shown in Figure 97 for 0.050-inch
tungsten and Mo-0.5ý Ti and in Figure 73 for 0.040-inch beryllium. Due to
the extreme brittleness of the tungsten base metal, all of the tensile
specimens tested at room temperature failed prematurely, with the failures
occurring outside of the reduced gauge section.

The ductile-to-brittle transition temperatures determined for the
various material thicknesses and heat treatments are listed in Table 10. In
all cases, the ductile-to-brittle transition temperature was arbitrarily
chosen to be that temperature at which a bend angle of 30 degrees was
achieved before the onset of cracking.

The tensile and bend properties of the 0.050-inch Mo-0.5% Ti and
tungsten base metal utilized during the welding investigation conducted
under Air Force Contract Number AF 33(616)-7439 Task Number 735102 are
presented in Table 11 along with the weldment mechanical property data.
These strength and ductility properties are presented since mechanical
property test data for the Mo-0.5% Ti and tungsten welde4 to themselves
(under the above referenced contract) will be used as base-line data for
the evaluation of Mo-0.5% Ti welded to tungsten.

The results of internal-notch tensile tests performed at room
temperature on all processing and aging variations of 3120V0A and on both
thicknesses of D6AC in all heat treatments are listed in Table 12.
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Results of Tests (Continued)

Room-temperature impact tests performed on heat treatment variations
of D6AC are summarized in Table 13.

Beryllium Trial-weld Evaluation Results

Best results were obtained in electron beam welding of beryllium by
using moderately high power densities and slow welding speeds. The
resultant welds were sound, crack-free, and exhibited good joint strengths.

Photomicrographs showing weld cross-sections and microstructures for
the 0.040-inch beryllium are presented in Figures 62 through 68. Figure 62
shows the effect of welding at a slow speed. Figure 63 represents a weld
made at a relatively fast welding speed. Figures 64 and 65 illustrate the
effects of welding at relatively fast speeds using longitudinal and circular
beam oscillation. Figures 66 through 68 show the effect of beam defocus at
slow welding speeds. Figure 67 illustrates the weld zone microstructure of
the weld settings associated with the final weld settings.

Beryllium Final-weld Evaluation Results

Visual and dye penetrant inspection of the 0.040-inch beryllium final
welds indicated that both the top and bottom weld beads were smooth,
continuous, and crack-free.

Figures 69 through 72 show various examples of a final weldment in
0.4O-inch beryllium. Figures 69 and 70 show the top and bottom weld beads
respectively. Figure 71 shows a 70X magnification of the weld-zone cross-
section. A 1OOX photomicrograph of the weld-zone microstructure is
presented in Figure 72.

Results obtained from room and elevated-temperature tensile tests are
presented in Table 14. Figure 73 illustrates the effect of increasing
temperature upon the tensile strength of electron beam welded 0.040-inch
beryllium. Base-metal results are also included on the plot.

The ductile-to-brittle transition temperature for weldments in 0.0.O-
inch beryllium is listed in Table 15 along with the corresponding base-
metal transition temperature. The change in transverse bend ductility with
temperature for beryllium weldments is shown in Figure 7 4. For reference
base-metal results are included on the same plot.

Molybdenum-0.5% Titanium to Tungsten Trial-weld Evaluation Results

All three thicknesses of the Mo-0.5% Ti/tungsten joint combination were
as easily weldable as the individual base metals. No problems were en-
countered in producing sound, crack-free welds. Results of a previous
electron beam welding programl indicated that maximum weld ductility and
strength were dependent on limited fusion and recrystallized zones. There-
fore, due to the difference in melting point of the two joint materials
(approximately 1500 degrees F) the beam location relative to the joint center-
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Results of Tests (Continued)

line was considered to be the most critical single parameter. Consequently,
trial welding was concentrated on determining the effects of beam location
on joint quality.

Photomicrographs showing weld cross-sections and microstructures in
0.100-inch and 0.050-inch Mo-0.5% Ti/tuigsten trial butt welds are shown
in Figures 75 through 81. In Figure 75 the effect of impinging the beam
on the joint centerline is shown. Figure 76 illustrates the effect of
moving the beam location to the Mo-0.5% Ti side of the joint. The welds
shown in Figures 77 and 78 were produced by locating the beam on the
tungsten side of the joint.

The 0.050-inch Mo-0.5% Ti/tungsten welds reacted to variations in beam
location in a manner similar to the 0.100-inch welds. Figures 79 through
81 illustrate the effects of varied beam locations relative to the joint
centerline for the 0.050-inch Mo-0.5% Ti/tungsten trial butt welds. The weld
settings associated with Figures 78 and 81 were chosen for the final weld
settings for 0.100-inch and 0.050-inch Mo0-.5% Ti/tungsten.

Weld beads from 0.005-inch Mo-0.5% Ti/tungsten welds are shown in
Figures 82 through 84. The weld in Figure 82 was made with the beam located
on the joint centerline. Figure 83 shows a weld produced with the beam
located on the tungsten side of the joint. Figure 84 illustrates a weld
made with a 0.005-inch joint overlap. The settings of Figure 84 were chosen
for the final settings for 0.005-inch Mo-0.5% Ti/tungsten. Figure 85 is a
schematic drawing of the modified joint design used for butt welding of the
0.005-inch Mo-0.5% Ti/tungsten.

Molybdenum-0.5% Titanium to Tungsten Final-weld Evaluation Results

Inspection of final welds by visual, radiographic and dye penetrant
techniques indicated that the weld beads were smooth and continuous, no
cracking was present, and only a minute amount of porosity occurred in the
0.100-inch and 0.050-inch welds.

Examples of the final welds in all three thicknesses of materials are
shown in Figures 86 through 96. Top and bottom weld beads, 20X magnifications
of weld-zone cross-sections, and 1OOX photomicrographs of the weld-zone
microstructure are presented in these figures.

The results of room and elevated-temperature tensile tests on the
0.050-inch Mo-0.5% Ti/tungsten weldments are presented in Table 16.
Figure 97 illustrates the variation of weld tensile strength with increasitg
temperature. Base-metal results are included on this plot for reference.

The ductile-to-brittle transition temperatures for weldments in all
three thicknesses of Mo-0.5% Ti welded to tungsten are listed in Table 17.
The changes in transverse ductility for the electron beam weldments are
shown in Figures 98 through 100. For reference the base-metal results are
shown on the same plots.
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Bl2OVCA Titanium Trial-weld Evaluation Results

Both the solution treated and aged and the cold rolled and aged
BI2OVCA titanium were readily weldable by electron beam techniques. Sound
welds were produced using a variety of welding conditions. Highest quality
welds were associated with minimum fusion and heat-affected zones together
with smooth, continuous weld beads. Due to the extreme fluidity of this
titanium alloy, considerable development was required in order to determine
weld settings which would prodice weld beads with minimum, if any, under-
cutting. Acceptable weld beads were induced by welding with a slightly
defocused beam oscillated in the direction of welding ("X" beam oscillation).

Early in the trial welding of BI2VCA sensitivity to undercutting was
observed on top weld bead surfaces in all three aging/welding conditions;
that is, solution treated and aged prior to welding, cold rolled and aged
prior to welding, and welded in the solution treated condition. Figures
101 and 102 illustrate this effect on weld cross-sections in aged material.

Micrographs of weld cross-sections in aged B12OVCA are presented in
Figures 101 through 106. The weld of Figure 101 was produced with a
focused beam at a moderately fast welding speed. The undercutting induced
by the sharply focused beam can be seen in this photograph. Previous
experience has shown that undercutting can be eliminated in most cases by
using 60 cycle beam oscillation. Figures 102 and 103 illustrate the effect
of welding with 1.5 KW of beam power using "Y" beam oscillation and
circular beam oscillation. Figures 104 and 105 show the extensive heat
effect resulting from welding with an oscillated beam at 2.1 and 2.24 KW
respectively.

The effect of "X" beam oscillation upon weld quality is shown in
Figure 106. This weld was produced at a relatively slow speed (22 ipm)
using a slightly defocused beam (a comparatively small spot size, however,
when compared to the beam used to produce the welds shown in Figures 104
and 105). The settings associated with the weld of Figure 106 were chosen
for the final weld settings for B120VCA titanium.

BI2OVCA Titanium Final-weld Evaluation Results

With the exception of some smooth, shallow undercutting all final welds
in B12OVCA exhibited smooth, continuous, and crack-free weld beads. Radio-
graphic and dye-penetrant inspection indicated that no cracking or porosity
was present in the final welds.

Representative examples of the final butt welds in all three of the
material conditions welded are illustrated in Figures 107 through 118.
Figures 107, 108, 109, and 110 illustrate, respectively, lOX photographs
of the top and bottom weld beads of the final welds in solution treated
and aged B12OVCA, a 20X photograph of the weld cross-section, and a 10OX
photomicrograph of the weld-sone microstructure. Figures 111 through 314
and 115 through 118 present identical illustrations for final butt welds in
material welded in the solution-treated condition and aged after welding and
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material welded in the cold rolled and aged condition.

Room-temperature tensile test results for the final electron beam
weldments are presented in Table 18.

The ductile-to-brittle transition temperature for electron beam weld-
ments in all three aging/welding conditions of B120VCA are summarized in
Table 19. The effect of increasing temperature on transverse bend ductility
for all conditions is shown in Figure 119. For reference the base-metal
results are included on the same plot.

Results of internal-notch fracture toughness tests are summarized in
Table 20. A complete compilation of data used for the calculation of Gc
for the B12OVCA final weldments can be found in Table 26 in the Appendix

Microhardness surveys taken across the weld zones of all three aging/
welding conditions are plotted in Figures 120 through 122. In order to
eliminate the hardness variations which can result from grain boundary
effects, microhardness surveys for all titanium welds were taken using a
2 kilogram load rather than the 0.2 kilogram load used for base-metal
hardness determinations.

D6AC Steel Trial-weld Evaluation Results

Electron beam welds in both the 0.290- and 0.090-inch D6AC steel
exhibited sound, non-porous microstructures when welded with a variety of
settings. Welds with highest-quality surface appearance and optimum weld-
zone characteristics were associated with welding performed using a
moderately high energy beam of approximately 0.015-inch diameter.

In general, trial weld beads were characterized by a slightly irregular
and rough surface texture. A defocused beam was used to overcome this
surface roughness in the 0.090-inch material. The use of a clean-up pass
was investigated for the thicker 0.290-inch D6AC.

Figures 123 to 128 illustrate weld cross-sections in 0.090-inch plate.
The effect of welding with a focused beam at a relatively fast speed is
shown in Figure 123. The surface irregularity and some undercutting can be
seen in the cross-section of this trial weld. The welds in Figures 124
through 127 illustrate the effects of beam oscillation (X, Y and circulL.r)
upon weld quality. The use of circular beam oscillation eliminated a good
portion of the top weld bead irregularity and undercutting; however, the
quality of the bottom weld bead was poor. Figures 128 and 129 show welds
produced using beams defocused to a diameter of 0.010 inch and 0.015 inch
respectively. The settings associated with Figure 129 were selected as the
final weld settings for 0.090-inch D6AC.

The 0.290-inch D6AC responded to similar welding conditions in a
manner identical to the 0.090-inch material. Therefore, a two-pass welding
technique was investigated as an alternate method of improving the surface
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Results of Tests (Continued)

quality of the D6AC weldments. The weld in Figure 130 was produced using a
low energy clean-up pass to smooth the top bead. The settings used to
produce the weld shown in this photograph were chosen as the final weld
settings for 0.290-inch D6AC. Figure 131 exhibits a weld containing an
intergranular crack. In general, the crack was associated with the plane
of weakness occasionally present as a result of the columnar grain growth
in the weld fusion zone.

D6AC Steel Final-weld Evaluation Results

Visual inspection of final welds indicated that the weld beads were
smooth and crack-free. Inspection by normal radiographic, dye penetrant,
and magnetic particle techniques revealed that the welds were free of any
porosity or cracking. Metallographic evaluation of a sampling of 0.290-
inch final welds (subsequent to mechanical property testing) revealed the
presence of a fine line-crack through the columnar grains in the center of
the weld zone. These cracks were not detectable by the 2 percent penetra-
meter radiographic sensitivity used for normal weldment radiographic
inspection.

Figures 132 through 147 show examples of the final weldments in both
the 0.090- and 0.290-inch D6AC. Photographs of top and bottom weld beads,
a 20X photograph of the weld cross-section, and a 10OX photomicrograph of
the weld-zone microstructure are presented for each welding/heat treatment
combination. Figures 132 through 135 present illustrations for the final
butt welds in 0.090-inch D6AC welded in the annealed condition and heat
treated after welding. Final butt welds in 0.090-inch D6AC welded in the
heat-treated condition are shown in Figures 136 through 139. Figures 140
through 143 and 144 through 147 illustrate the final butt welds for the
0.290-inch D6AC welded in the annealed condition and heat treated after
welding and the 0.290-inch D6AC welded in the heat-treated condition.

Results of room-temperature tensile tests performed on final butt
weldments in the 0.090-inch thick D6AC are presented in Table 21.

Electron beam weldment ductile-to-brittle transition temperatures for
all welding/heat treatment combinations of the 0.090-inch plate are
summarized in Table 22. The increase in transverse bend ductility with
increasing temperature is shown in Figure 1i8 for the 0.090-inch weldments.
For reference base-metal results are included on the same plot.

Internal-notch fracture toughness test results are presented in Table
23. Specimen data used for the computation of Gc for the D6AC is presented
in Table 26 in Appendix.

The results of microhardness surveys taken across the weld zones of all
welding/heat treatment conditions are plotted in Figures 149 through 156.
For the 0.290-inch D6AC welds hardness surveys were taken across both the
single pass and clean-up pass weld zones and the zone of heat-affect re-
sulting from the second pass.
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Impact tests performed upon 0.290-inch D6AC final butt welds are
su- ised in- Table 24.
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Discussion of Results

hse-metal Discussion

Visual inspection of all base metal in the as-received condition
indicated that, with the exception of the thicker D6AC steel, all material
was of acceptable quality for welding evaluation. The thicker D6AC steel
(0.300 inch) was received in the hot-rolled condition and consequently
exhibited considerable surface roughness due to the presence of a tenacious
rolling scale. This scale was removed, however, when the 0.300-inch D6AC
was surface ground to remove the decarburized surface layer discussed
previously.

The chemical analyses of the base metals (Table 7) were within normally
acceptable limits.

Metallographic examination of the base metals revealed that decarburi-
zation was present in both thicknesses of D6AC steel. The decarburized
surface layer shown in Figure 61 extended approximately 0.015 inch below
the surface and undoubtedly resulted from the hot rolling of both plate
thicknesses. The presence of this decarburization seriously impaired the
surface hardenability of the D6AC plate, and its removal was a prerequisite
to uniform heat treatment of the steel.

Both the D6AX steel and the B120VCA titanium exhibited excellent heat
treatment and aging response as indicated by the high strength levels
attained as a result of thermal treatment. The heat treatment procedure
for D6AC steel outlined in the description of tests was chosen for optimum
properties at a minimum strength level of 240,000 psi (Rc5O). The double
temper (2T700) used for both thicknesses of the D6AC is a common heat
treating practice for high-strength structural steels. The second tempering
treatment provides an additional stress relief and tempers any martensite
that may have formed from retained austenite during the first temper.

The aging treatments chosen for the solution treated and the solution
treated and 50" cold rolled BM2OVCA titanium produced relatively high
strength levels compared to those presently used in industry. The
exceptionally high strength of the solution treated and aged material
(220,000 psi ultimate and 201,000 psi yield strength) was a result of the
long aging treatment (72 hours). Present industrial practice is based on
attaining a strength-to-density ratio of 1 x 109 (inch) which, in the case
of B120VCA titanium whose density is 0.175 pounds per cubic inch, would
have been satisfied by a strength level of 175,000 psi. The higher strength
level was, however, chosen in order to investigate the effects of electron
beam welding on titanium base metal aged to strength levels in excess of
200,000 psi.

The tensile properties of all base metals (Table 9) were well within
the ranges of expected values. The cold-rolled BI2OVCA titanium exhibited
exceptionally high strength upon aging, with a 12 hour treatment resulting
in a tensile strength of 244,000 psl (Figure 3). Both thicknesses of D6AW
steel responded quite well to heat treatment and the 240,000 psi strength
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Discussion of Results (Continued)

level was easily achieved. 0.050-inch Mo-0.5% Ti base metal exhibited a
room-temperature tensile strength far superior to similar base metal used
during the investigation of the electron beam welding of Mo-0.5% Ti under
a previous program.

Room-temperature tensile properties of 0.050-inch tungsten base metal
were not obtained. The extreme brittleness of the material results in part
from surface imperfections that act as stress concentration sites and
promote brittle fracture. Every reasonable precaution was taken to
eliminate notches, laminations and other defects that could cause premature
brittle failure. This included careful machining, chemical polishing of
specimens before testing, and use of the room-temperature tensile testing
fixture shown in Figure 8. Still defects were present that initiated
failure at relatively low strength values.

The tungsten specimens tested at temperatures in the range of 2200 F to
2800 F all failed in a ductile manner at reasonably uniform values. There-
fore, these data are considered valid.

The tensile strength of the 0.040-inch beryllium base metal was
relatively high when compared to the reported base-metal tensile properties
of similar material used during programs conducted to evaluate conventional
fusion welding of beryllium.

The bend-test data (Table 10) indicate that with the exception of
annealed 0.090-inch D6AC, solution treated B120VCA, 0.100-, 0.050- and
0.005-inch Mo-0.5% Ti, and 0.005-inch tungsten ductile-to-brittle transition
temperatures of base metals were generally above room temperature.

The results of fracture-toughness tests on solution-treated B120VCA
titanium base-metal specimens indicated the material to have such high
fracture toughness that the Gc* values (1768 - 2137 inch-lb.) were not

inchZ
considered valid; i.e., the ratio of net section stress to yield strength
was much greater than unity. The fracture surfaces exhibited 100% oblique
(4 ) shear separation and a fibrous appearance. All load-deflection curves
peaked prior to fast fracture, indicating the extreme fracture toughness of
solution-treated titanium.

Solution treated and aged (9000 F - 72 hrs.) B12OVCA titanium base
metal exhibited low fracture toughness properties (Gc* ranging from 72.1 to
121.5 inch-lb.). The fracture surfaces contained a flat granular zone

inch

bordered occasionally by shear lips which totaled up to 15% of specimen
thickness. Analysis of results and load-deflection curves indicated that
wing-crack pop-in coincided with catastrophic failure.

Solution treated, cold-rolled, and aged (800* F - 12 hrs.) B120VCA titanium
base metal exhibited the lowest base-metal fracture toughness properties
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(Gc* ranging from 28.1 to 38.3 'nch-lb. The fracture surfaces contained
inch -

a flat granular zone bordered occasionally by shear lips totalling only
50 of specimen thickness. Analysis of results and load-deflection curves
indicated that wing-crack pop-in was coincident with catastrophic failure.

Fracture-toughness tests on base-metal specimens in both aged con-
ditions indicate that the B12OVCA titanium alloy at the ultra high strengh
level of 2",O00 psi and yield strength/density ratio of 1.37 x I06 (inch)
is less than optimum for high pressure applications. Furthermore the
fracture-toughness test results obtained for Bl2OVCA indicate the necessity
for choosing an aging treatment and attendant strength level on the basis
of fracture-toughness properties as well as standard mechanical properties.

Fracture-toughness test results on both thicknesses of D6AC steel base
metal in the annealed conditioi indicated extremely high fracture toughness
properties for this alloy. Gc values were not considered valid because
the net section stress was much greater than the yield strength; in almost
every case, annealed D6AC specimens were completely fractured during slow
crack growth. The fracture surfaces indicated 100 percent oblique shear
failure and had a fibrous appearance. The load-deflection curves peaked
considerably before complete failure. However, the crack length at the
onset of fast fracture was determined from an apparent modulus drawn from
the origin of the load-deflection curve to the point of maximum load rather
than the point of fast fracture or complete failure.

Valid Gc* values could have been determined for the annealed, extremely
tough D6AC (or the solution-treated Bl2OVCA) if large enough specimens were
tested. The KNc determination for non-valid tests was made, however, in
order to obtain some meaningful fracture toughness value from the 3-inch
wide specimens. KNc closely approaches the Klc value 2 (or plane strain
fracture toughness index) which represents a fracture toughness property of
an infinitely wide specimen or, practically speaking, a minimum value of Kc.
Thus, for a given material and heat-treat condition, the KN value should be
constant. The scatter (up to + 13% for annealed D6Ac) is attributed to the
difficult-j in picking the exact point of deviation from linearity of the
apparent modulus.

The 0.090-inch D6AC steel base metal in the heat-treat condition
'2T700) exhibited high fracture toughness properties (Gc* values greater
than 1100 inch-lb.). Some specimens were so tough that the Gc* values were

inch=

not considered valid. The fracture surfaces exhibited 100 percent oblique
shear failure and were occasionally characterized by orthogonal shear rather
than single shear. A chevron effect characteristic of fast fracture usually
accompanied orthogonal shear. The fracture surfaces had a dull-gray fibrous
appearance.
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The heat treated 0.290-inch D6AC steel base metal exhibited fairly
low fracture toughness (Gc* values around 200 inch-lb. ). The fractureinehd

surfaces exhibited a granular zone bordered by shear lips totalling 20% of
specimen thickness. A severe decrease in fracture toughness with increasing
thickness is characteristic of most high-strength steels in a certain thick-
ness range which is frequently between 0.1 inch and 0.2 inch at room tem-
perature.

Impact tests performed on 0.290-inch D6AC base metal failed to gener-
ate any reliable results. The unnotched, substandard Izod impact specimen
was chosen in order to ensure the most meaningful impact results for
electron beam weldments. Due to the small overall wel. bead widths, lo-
cation of a notch in a welded impact specimen was not considered practical
and an unnotched specimen was designed for impact testing. As can be seen
from Table 13, base-metal specimens were not fractured by the impact testing
machine. The results, therefore, do not lend themselves to any reasonable
interpretation.
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Beryllium Trial-weld Discussion

Best results were obtained in electron beam welding of beryllium using
moderately high power densities and slow welding speeds. When welding
speeds were increased, or when extremely high power densities were used,
columnar grain growth lead to weld cracking.

Because of the toxic nature of beryllium, metallographic specimens
were prepared on a subcontract basis at facilities outside of Hamilton
Standard. Consequently, the long lead times that were involved in obtaining
metallographic information on the welds made it necessary to evaluate trial
welds, and choose final weld settings, solely on the basis of visual
examination of weld beads.

The effect of welding at a relatively slow welding speed with a
focused beam of moderate power is shown in Figure 62. The crack evident in
the weld cross-section is characteristic of all welds in beryllium produced
at these settings.

The weld in Figure 63 illustrates the effect of welding at a fast speed
with a focused beam of relatively high power. The weld zone assumed the
classical wedge shape associatei with high-energy-density electron beam
welding; however, the fusion zone grains are columnar and highly oriented.
This condition, in general, induced low strength and ductility. In fact,
viewing through the visual optics formation of the crack was noted
immediately after completion of the weld.

The weld shown in Figure 64 was produced using a focused beam of
relatively high rower and longitudinal beam oscillation. Experience with
tungsten weldingA has shown that this type of deflection creates a more
randomly oriented grain structure in the fusion zone, leading to improved
weld strength. However, essentially no improvement was realized when this
technique was applied to beryllium.

Circular beam oscillation has been used with good success to induce
random grain orientation in several materials. Figure 65 shows a
beryllium weld produced using circular beam oscillation. This technique
offered no improvement in grain quality when applied to beryllium. Increased
effective spot size, as a result of the circular beam movement, made the
weld zone relatively large.

Figure 66 illustrates a cross-section of a beryllium weld produced at
a slow welding speed using a slightly defocused beam. Beam diameter was
0.015 inch. Although the grain pattern is somewhat columnar, the results
are encouraging because of the extremely narrow weld zone.

A fusion zone microstructure approaching a more randomly oriented
grain pattern is shown in Figure 67. This weld was produced by moderating
the power density (decreasing accelerating voltage to 75 KV) and increasing
the beam diameter to 0.020 inch. The weld shown in Figure 67 has a larger
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weld zone than that shown in Figure 66 and columnar grain growth is evident
at the boundaries of the weld zone. However, the fusion grains in the
interior of the weld zone are relatively small in size and randomly oriented.
The settings used to produce this weld were chosen to be the final weld
settings for O.040-inch beryllium solely on the basis of visual appearance.

A further decrease in accelerating voltage (to 65 KV) resulted in the
weld illustrated in Figure 68. The grains are small in size and show little
evidence of columnar growth. It appears that welding conditions somewhat
between those used for the welds in Figures 66 and 68 should develop the
desired narrow, but randomly oriented weld zone.

The columnar grain structure resulting from welding at fast speeds with
a beam of relatively high specific power is to date unexplainable. Experi-
ence with metals other than beryllium (as shown with the other metals welded
during this program) has always indicated a decrease in grain size and
orientation with increasing welding speeds. Beryllium, the exception,
exhibits the opposite effect.

It appears that due to a combination of its high thermal conductivity
and high specific heat, beryllium is extremely sensitive to thermal input.
The fast cooling rate associated with the low-energy input from welding with
relatively high-power-densities and fast travel speeds results in severe
weld cracking along grain boundaries. This is due primarily to the high
degree of orientation of the columnar grains towards the center of the weld
zone. With TIG welding it has been reported 3 that the tendency towards hot-
tearing decreases with slower welding speeds and increased preheat.

Controlled cooling appears to be necessary to produce the optimum weld-
zone microstructures. This is accomplished by moderating the power density
and decreasing the welding speed. Of course, the ideal weld-zone would be
small in over-all size while exhibiting a fine-grained, random micro-
structure. The results shown in Figure 66 indicate that such a weld structure
is attainable by using moderately high voltages in combination with lower
beam currents, while maintaining the slow welding speeds.

Beryllium Final-weld Discussion

The consistent production of sound crack-free butt welds in beryllium
indicates that beryllium sheet is reproducibly weldable by electron beam
techniques.

In all cases, the size of the weld beads, the fusion zone, and grain
size were less than those generally obtained in arc welds in the same
material thickness.

As previously mentioned, the metallographic evaluation of beryllium
trial-weld microstructures was not performed until after final weld
settings were chosen and manufacture of mechanical property test specimens
was initiatcd. Therefore, the conditions selected for welding tensile and
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bend specimens were based on visual examination of the weld bead and were
not based on metallographic evaluations. In fact, metallographic work
conducted subsequent to final welding and testing indicated that further
improvement in grain size, random grain orientation, and size of fusion zone
can be expected with somewhat different welding conditions as illustrated
by the random grain orientation of Figure 68.

The room-temperature tensile strength of electron beam welded 0.OlO-
inch beryllium sheet was consistently about 65 percent of base-metal
strength. The consistency of tensile strength values is an indication of
the uniformity of electron beam welds in this material. The elongation
obtained in electron beam weldments tested at room temperature was lower
than that obtained for base metal. However, it should be noted that in weld
fractures a very high proportion of the strain is absorbed within the very
narrow weld zone. Thus, a very high degree of local ductility could be
masked by the overall gauge-length measurement (one (1) inch gauge section).

Figure 73 shows the continuous approach of the tensile strength of the
weld to that of the base metal with increasing temperature. At 1000 F, even
though all of the welded specimens failed in the welds, the base-metal and
weld ultimate and yield strengths were essentially the same. Based on the
data shown in Figure 73, the tensile strength of electron beam weldments at
1000 F is equivalent to base-metal strength.

In general, electron beam butt welds in beryllium sheet exhibited
tensile strength properties at both room and elevated temperatures in excess
of similar Joints produced either by conventional welding techniques 3 or
low voltage electron beam welding

The correlation of electron beam bend ductility data for the 0.04O-
inch beryllium weldments (as well as electron beam welds in any other
material) is difficult for many reasons. Techniques of testing differ among
the various investigators, making intercomparison of test data an almost
impossible task. Secondly, and perhaps most significantly, the over-all
dimensions of electron beam welds as compared with welds produced by
conventional fusion welding techniques are drastically different. Whereas
in bend testing conventionally produced welds in beryllium, all bending
strains can be absorbed in a fusion zone perhaps 0.250-inch wide (a width
far exceeding a 1T bend-radius mandrel), electron beam welds must absorb all
the bending strain in a total weld zone width smaller than the bend radius
utilized, in this case 0.050 inch. Therefore, for electron beam welds, the
less ductile weld metal must absorb all of the bending strain while the
parent metal surrounding it remains relatively unstrained. In addition, the
weldments tested were chosen solely on the basis of visual appearance, not
metallographic evaluation. Therefore, the results of bend ductility testing
shown in Figure 74 cannot be interpreted as being representative of optimum
electron beam welds in beryllium. The less ductile, highly oriented columnar
grains present on the edge of the fusion zone (Figure 67) undoubtedly
contribute to the low bend ductility values exhibited by the weldments tested.
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It is apparent that the weld of Figure 68, because of its completely
random fine grained structure, should exhibit superior strength and bend
ductility. This weld was produced at lover energy and at a slower welding
speed than the weld tested and discussed above.

It is of interest to note that during some company sponsored beryllium
welding, weldments were produced at power inputs of 42 KW/linear inch.
Metallographic evaluation of these weldments revealed the presence of
porosity within the fusion zone. In order to determine the most probable
cause of porosity in beryllium weldments a comparison was made of the power
inputs used to produce these porous welds and the power inputs used to
produce the sound welds during the beryllium phase of the program being
reported upon. The sound welds produced for the subject program were
produced at a power input of 17.4 KW/linear inch. The weldments produced
during the company sponsored effort at power inputs of 42 KW/linear inch
represent a power input increase of approximately 140%.

W. T. Hess et al have reported an interdependence of power ýnput and
chamber pressure upon vaporization ability. At a pressure of 10" Mm. Hg.,
the theoretical boiling point of beryllium is 1440 K which is below its
melting point of 1550 K. This indicates that beryllium should sublime below
its melting point. Since welding during the company sponsored phase was
performed with 2.4 times the power used during initial welding (for the
subject program), it is entirely conceivable that some vaporization threshold
exists, beyond which a given power input will cause gas evolution in the
molten weld metal at a rate in excess of the rate of out-gassing from the
molten surface. This excess gas results in the detected porosity.

Molybdenum-0.5% Titanium to Tungsten Trial-weld Discussion

Sound, fully penetrated welds were obtained with beam locations varied
within rather wide limits (up to 0.010 inch on either side of the joint
centerline) indicating a high degree of weldability for the Mo-0.5% Ti/
tungsten joint combination. All of the welds illustrated are sound and
crack-free; however, weld zone characteristics differ. Some difference in
cross-sectional thickness between the Mo-0.5% Ti and tungsten base metal
can be noted from the trial weld cross-sections. This, however, in no way
detracts from the soundness of the welds.

As discussed under Results of Tests, joint characteristics were found
to be highly dependent upon beam location. Alignment of the electron beam
on the joint centerline, or on the Mo-0.5% Ti side of the joint up to a
maximum of 0.010 inch from the centerline, resulted in a 'braze type" of
joint rather than a fusion weld; with the Mo-0.5% Ti parent metal acting
as the braze alloy. The weld shown in Figure 75 illustrates the effect of
welding with the beam located on the joint centerline. Extensive
recrystallization has occurred in the Mo-0.5% Ti joint member while little,
if any, alloying has occurred between the Mo-0.5% Ti and the tungsten. The
higher melting material, tungsten, did not completely reach a molten state
and small islands of unmelted tungsten can be observed in the fusion zone.
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This effect becomes more pronounced as the beam locatior.- is moved further
into the Mo-0.5% Ti, Figure 76.

By moving the location of beam impingement onto the tungsten side of
the joint, complete fusion of both members is obtained. A microstructure
of a weld produced by welding with the beam 0.010 inch on the tungsten is
shown in Figure 77. This joint exhibits a fusion zone and fused grains
typical of electron beam welds in either tungsten or M1-0.5% Ti; however,
the fusion and recrystallized zones are excessively large.

Placing the beam location 0.006 inch from the joint centerline produced
the weld shown in Figure 78. The fusion and recrystallized grain sizes are
relatively fine and the weld exhibits a depth-to-width ratio about the ame
as either the tungsten or Mo-0.5% Ti weldments in the same thickness. The
settings used to produce this weld were chosen as the final settings for
0.100-inch Mo-0.5% Ti/tungsten.

The 0.050-inch Mo-0.5% Ti/tungsten trial welds displayed similar re-
actions to variation of beam location as did the 0.100-inch welds. There-
fore, in order to restrict the extent of fusion and recrystallization,
location of the beam on the tungsten side of the joint was again required.
Figure 81 illustrates a weld produced with the beam 0.005 inch on the
tungsten side of the joint. These settings represent the final weld
settings for 0.050-inch Mo-0.5% Ti/tungsten.

Weld beads, rather than weld cross-sections, were used to evaluate the

trial welds in 0.005-inch Mo-0.5% Ti/tungsten. Weld cross-sections in such
thin material are of insufficient thickness to assume characteristic weld-
zone patterns. However, meaningful results can be obtained by viewing the
weld bead solidification patterns.

Initially, trial butt welding of 0.005-inch Mo-0.5% Ti to tungsten was
concentrated upon the determination of the effects of beam location
(relative to the butted joint) upon weld properties. In general, welds
produced by butting the two materials and welding with beam impingement
locations varying from the molybdenum side of the joint to the tungsten side
of the joint were characterized by discontinuities within the fusion zone.
When heated by the beam, the extremely thin tungsten sheet appeared to
ripple at the joint interface causing discontinuities in the weld after
solidification. In most cases the discontinuities were the holes or gaps
through the entire weld thickness shown in Figure 82.

Since the holes in the fusion zone were most probably caused by a lack
of weld metal in the gap areas due to either poor joint fit-up or edge
preparation, attempts were made at welding the 0.005-inch M1-0.5% Ti/tungsten
joints using a "filler metal" technique. The presence of excess base metal
in the joint area did in fact eliminate any holes or discontinuities within
the weld zone.

Sound butt welds, free of any discontinuities, were produced using the
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technique illustrated in Figure 85. The joint configuration shown in this
drawing permits welding with a minimum of fixturing and edge preparation.
Early in the trial butt welding of the 0.005-inch Mo-0.5% Ti/tungsten it
became evident that joint fit-up was a most critical parameter. Because of
the relatively thin sheet cross-sections being joined, unless mating edges
were in intimate contact along the entire length of weld optimum welding
rebults could not be obtained. Since welding of the joint shown in Figure 85
is performed with a beam of considerably larger diameter than the sheet
overlap (beam diameter approximately 0.010 inch), joints welded by this
technique show no evidence of prior overlap and function as conventionally
butt-welded sheet. Figure 84 illustrates a weld in 0.005-inch Mo-O0.5$ Ti/
tungsten using the overlap technique. The settings used to produce this
weld were chosen as the final weld settings for 0.005-inch sheet.

In summary, trial welding of Mo-0.5% Ti to tungsten indicated that the
best welds were produced when the beam was impinged on the tungsten side of
the joint. A modification of joint design was necessary for the 0.005-inch
thick material in order to eliminate several of the problems associated with
joint fit-up and edge preparation.

Molybdenum-0.5% Titanium to Tungsten Final-weld Discussion

The final butt welds, illustrated in Figures 86 through 96, demonstrate
the extreme weldability of the dissimilar metal joint MoO-0.5% Ti to tungsten
by the electron beam technique. In each material thickness the weld fusion
and recrystallized zones and grain sizes are comparable to those developed
in electron beam welds in either of the two base metalsl; comparison with
conventionally produced arc welds indicates that the electron beam weld
fusion and recrystallized zones and grain sizes are considerably smaller.

The minute amount of porosity found in the 0.100 and 0.050-inch welds
is most probably a result of the difference in melting points of the two
materials. This porosity, which became evident only after electropolishing
of weld cross-sections (mechanical polishing techniques were used during the
initial weld evaluation phases), could undoubtedly be eliminated by
performing welding of slightly slower travel speeds; thereby allowing greater
time for the molten weld metal to out-gas under the influence of the vacuum.

The room-temperature tensile properties of electron beam welds in
0.050-inch Mo-0.5$ Ti welded to tungsten are slightly lower than tensile
strengths exhibited by electron beam welds in Mo-0.5% Ti welded to itself1 .
Comparison with the room-temperature tensile properties of electron beam
welded tungsten is difficult due to the lack of valid tensile data for
0.050-inch tungsten welds tested at room temperature. The electron beam
welds in Mo-0.5$ Ti welded to tungsten that were tensile tested at room
temperature exhibited extremely brittle fracture surfaces. Failure has
occurred in the tungsten recrystallized zone and is intergranular in nature.
The reduced ductility of the tungsten recrystallized grains is most probably
the main factor contributing to the relatively low room-temperature tensile
strengths shown by the Mo-0.5% Ti/tungsten welds.

36



-Discussion of Results (Continued)

Figure 97 shows the continuous approach of the tensile strength of the
Mo-0.5% Ti/tungsten welds to that of both base metals with increasing
temperature. For reference, the elevated-temperature tensile properties of
electron beam welds in 0.050-inch Mo-0.5% Ti and tungsten to themselves
respectively are shown on the same figure along with the base metal. The
tensile strengths of Mo-0.5% Ti/tungsten welds exceed strengths of electron
beam welded Mo-0.5% Ti and tungsten at 1600 and 1900 F. At 2200 F the
electron beam welded Mo-0.5% Ti/tungsten demonstrated tensile strengths
essentially equivalent to base-metal strength and to the strength of electron
beam welds in Mo-0.5% Ti and tungsten at the same temperature. With the
exception of two specimens tested at 2200 F, all failures occurred, as
expected, in the tungsten recrystallized grains. The increased ductility of
the Mo-0.5% Ti base-metal recrystallized zone relative to the tungsten in
the 1600 to 2200 F temperature range undoubtedly contributes to the superior
ability of the Mo-0.5% Ti side of the joint to withstand elastic strains at
the temperatures tested. The two tensile failures occurring in the
Mo-0.5% Ti base metal at 2200 F clearly demonstrate the ability of electron
beam welds in Mo-0.5% Ti/tungsten to retain base-metal strength at temperatures
approaching the recrystallization temperature of the less-refractory joint
component (approximately 2450 F).

The results indicate that electron beam welded butt joints of 14-0.5% Ti
welded to tungsten possess strength properties equal to or exceeding similar
welds in Mo-0.5% Ti or tungsten welded to themselves, at service temperatures
in the range of 1600 to 2200 F. Although comparable data for are welds is
not available, the fact that electron beam welds in Mo-0.5% Ti and tungsten
have demonstrated load-carrying capacities 50 percent greater than
conventionally produced weldments serves as an indication of the improvement
that can be realized for the dissimilar metal joint Mo-0.5% Ti welded to
tungsten.

As was anticipated, the electron beam welds in each thickness (0.005,
0.050, and 0.100 inch) of Mo-0.5% Ti welded to tungsten exhibited transverse
bend ductilities that fell in the range between the bend ductilities
exhibited by electron beam welds in similar thicknesses of Mo-0.5% Ti and
tungsten respectively. In general, the less ductile tungsten recrystallized
grains were the limiting factor for Wo-0.5% Ti/tungsten weldment bend
ductility.

Hokanson and KernI, in an earlier investigation into the electron beam
welding of the refractory metals tungsten and Mo-0.5% Ti to themselves, have
thoroughly discussed the difficulties associated with the interpretation of
electron beam weld bend-test data. In brief, one must consider several
factors that contribute to apparent weld ductility: (1) welds were tested in
the as-welded condition, that is, the weld beads were not finish ground;
(2) Mo.0.5% Ti and tungsten are sensitive to surface condition; (3) the
relatively narrow electron beam weld zone induces an extreme concentration
of stress in a relatively small, less ductile fusion zone, therefore, the
outermost fiber stresses in the weld zone reach extremely high values with
very little deflection of the spenimen.

3•7



Discussion of Results (Continued)

Considering the above-mentioned factors it can be seen that the type
of bend test employed does not accurately reflect the true ductility of
electron beam welds when data are compared with base-metal or arc-weld data
obtained from similar test conditions. However, the relatively small grain
sizes and limited fusion and irecrystallized zones obtained in electron beam
welds should contribute to comparatively superior service ductility over arc
welds in similar material thicknesses.

B12OVCA Titanium Trial-weld Discussion

The weldability of the B12OVCA titanium alloy is readily demonstrated
by the welds shown in Figures 101 through 106. Sound welds were produced
using a wide range of settings; however, due to the extreme fluidity of this
titanium alloy less latitude was available in choosing a final weld setting
which produced a weld bead with no undercutting.

The weld of Figure 101 was produced using a sharply focused beam at a
moderately fast welding speed (50 ipm). The fusion zone exhibits the
classical wedge shape. However, the weld is characterized by a notch-like
undercut. This undercutting was observed in all conditions of material
welded, that is, welded both prior and subseouent to aging.

Early in trial welding the extreme sensitivity to undercutting of the
B12OVCA titanium alloy was noted. Consequently, the greatest portion of
trial welding was devoted to the development of weld settings which would
produce a weld with optimum bead surface quality while retaining the advan-
tages associated with electron beam welding.

The weld of Figure 102, produced with a beam oscillated transversely
with respect to the Joint, represents an attempt to eliminate the under-
cutting effects of Figure 101. The sharp notch-like undercut has been
effectively smoothed to less of a notch effect. Undercutting is, however,
still present.

The effects of welding with a circularly oscillated beam are
illustrated in Figure 103. The weld bead undercut has been eliminated;
however, the slower welding speed and circular beam oscillation has resulted
in rather wide fusion and heat-affected zones.

The weld-zone characteristics induced by welding with an oscillated
beam will, of course, vary with the oscillation amplitude. The welds in
Figures 104 and 105 while non-undercut, exhibit extended fusion and heat-
affected zones. Welding with a beam oscillated either in the transverse
direction or in a circular manner can effectively eliminate weld bead
undercutting; however, the effect of a widely oscillated beam is to produce
excessively wide fusion and heat-affected zones.

An oscillated beam can effectively eliminate weld bead undercutting by
creating a favorable distribution of beam energy within the iummdiate area
being welded. From examination of the weld cross-sections in Figures 103
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through 105 it is obvious that a circularly oscillated beam produces a more
distinct weld bead than a beam deflected in the transverse direction. The
fusion and heat-affected zones, however, are too extensive to be considered
as optimum weld microstructures.

In an attempt to eliminate the extensive heat effect resulting from
welding with a circularly oscillated beam, welds were produced using a
beam oscillated longitudinally with respect to the Joint. An example is
shown in Figure 106. The fusion and heat-affected zones are slightly
wider than with a non-oscillated beam (Figure 101); however, undercutting
has been minimized to the extent of not being apparent from the weld cross-
section shown in this photograph.

The production of smooth, non-undercut weld beads in the 0.125-inch
B12OVCA is dependent upon welding with a beam of relatively higher power
(approximately 1 KW) than would be generally associated with a plain
penetration weld pass to an equivalent depth. The use of 0.075-inch
longitudinal oscillation, in combination with a slow welding speed and a
relatively small diameter beam, minimizes the heat effect associated with
the settings used to produce the weld shown in Figure 106. The settings
used to produce this weld were chosen as the final settings for the welding
of 0.125-inch Bl2OVCA titanium.

Summarizing the trial welding of Bl2OVCA titanium, welds with minimum
top bead undercutting were produced by welding at a slow welding speed with
a slightly defocused beam of relatively high energy. Beam oscillation along
the weld was required to produce weld beads of acceptable quality.

Bl20VCA Final-weld Discussion

The consistent production of sound butt welds in all aging/welding
conditions of B22OVCA indicates that this material is reproducibly weldable
by electron beam techniques.

The final butt welds are illustrated in Figures 107 through l18. In
every case, the size of the fusion zones, the heat-affected zones, and the
grain sizes were less than those generally published for conventionally
produced fusion welds in the same material thickness. The average weld
grain size for electron beam welds in BI2OVCA titanium was 0.005 inch.
Comparable data for single pass TIG square butt welds in B12OVCA titanium
indicate average weld grain sizes of 0.016 inch.

Examination of Figures 101 and 106 indicates that a further decrease
in overall weld dimensions and weld grain size can be achieved when welding
is performed at increased welding speeds and the weld bead width is decreased.
However, the notch-like undercutting associated with the weld settings of
Figure 101 makes this weld unacceptable from a structural standpoint. The
sinking or undercutting problem in B120VCA appears to be inherent to welds
produced with non-oscillated beams. Since maximum strength and ductility
are commonly associated with electron beam welds exhibiting the classical
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parallel sided fusion zone (Figure 101), some compromise must be made to
attain maximum structural integrity. This compromise will have to be either
welding with B12OVCA titanium filler metal or grinding weld beads subsequent
to welding to remove the weld bead undercut.

Since all final butt welds for mechanical property evaluation were
tested with the weld beads in the as-welded condition, final weld settings
were selected to produce welds with non-undercut weld beads. Therefore,
while results of final weld evaluation can be considered representative of
electron beam welds in BI20VCA, they should not be taken as the maximum or
optimum properties obtainable.

The tensile strengths exhibited by electron beam welds in all three
aging/welding conditions of B120VCA titanium varied from sixty percent of
base-metal strength for welds in the cold-rolled and aged condition, to
seventy-five percent of base-metal strength for welds in solution treated
material that were aged subsequent to welding. The elongation obtained in
weldments tected in both the aged and welded condition and the welded and
aged condition were lower than that obtained for base metal. Welds in the
cold rolled and aged condition exhibited ductility superior to the cold-
rolled and aged base metal.

The tensile test results (Table 18) indicate a high degree of uni-
formity for electron beam produced weldments in all three welding/aging
conditions. Welds produced in both solution treated and aged and cold-
rolled and aged material exhibited an expected uniformity, with maximum
ultimate tensile strengths exceeding 155,000 psi for each case. The elec-
tron beam welds produced in solution-treated B12OVCA base metal and aged
after welding exhibited ultimate tensile strengths approximately 20,000 psi
higher than the welds produced in aged material.

The reduced weld zone hardness for welds produced in both aged con-
ditions, and the reduced duetility resulting from the relatively large grain
size (approximately, however, one-fourth that of TIG weld fusion zone
grains) as compared to base metal, undoubtedly contribute to the reduction
in the tensile strength of the electron beam welds. All tensile failures
initiated and propagated through the heat-affected zone. Considering that the
less-ductile weld zone grains must absorb all plastic strain during the
tensile test, it is reasonable to assume that providing no weld defects are
present the narrower fusion-zone width at the bottom of the weld cross-
section achieves maximum plastic strain before the wider fusion zone at the
weld top. Failure, therefore, always initiates at the bottom of the heat-
affected zone and propagates along the less-ductile interface between the
heat-affected zone and the base metal. This failure mechanism would apply
to all three aging/welding conditions of B12OVCA, with tensile strength
variations resulting from differences in fusion-zone hardness.

The results indicate that electron beam welds in all three aging/weld-
ing conditions possess tensile strengths in excess of similar joints pro-
duced by arc welding techniques in similar materials. A slight improvement
in weld ductility is also noted.
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For all welding/aging conditions of B12OVCA titanium, bend angles
greater than 20 degrees were not achieved at test temperatures up to the
prior aging temperature (700 or 800 F). From examination of Figure 119
it is apparent that cold-rolled and aged base metal exhibited similar low
ductility; in fact, the ductilities exhibited by electron beam welds pro-
duced in material in both the solution treated and aged (STAW) and the cold-
rolled and aged (CRAW) condition were superior to the cold-rolled and aged
base metal.

The ductile-to-brittle transition curves for electron beam welds in the
STAW and CRAW Bl2OVCA titanium exhibit parallel behavior. This parallelism
undoubtedly results from the similarity in weld-zone hardness profiles for
both conditions when welding was performed subsequent to aging. The extreme
similarity can be noted from examination of the hardness profiles in Figures
120 and 122 for the STAW and CRAW condition, respectively. The slightly
lower fusion-zone hardness in the CRAW condition (ranging from 29 to 31 Bc
as compared to 29 to 33 for STAW welds) undoubtedly is the reason for the
slightly higher maximum bend angle (20 degrees as compared to 19 degrees).

The solution treated, welded, and aged B12OVCA appeared to exhibit the
most brittle behavior of any welding/aging conditions of B12OVCA titanium
investigated. Although the fusion zone was aged to a hardness level equiva-
lent to the surrounding base metal, all bending strain must be absorbed in
the relatively less-ductile fusion zone resulting in what appears to be low
ductility.

Results of internal-notch fracture-toughness tests on welds in solution
treated and aged (900OF - 72 hr.) (STAW) B12OVCA titanium showed consider-
able variation (Gc* ranging from 300.7 to 1762). Gc* values in the range
of 1368 to 1762 resulted from non-valid tests; i.e. Vx/ a ys > > 1
indicating that the test was not valid but reflecting extremely high frac-
ture toughness. The 1/2 crack length at fast fracture (a) and the gross
section stress ( go) varied from 0.55 to 0.090 inch and 47,90-0 to 81,800
psi respectively. The fracture toughness equation, Gc* , 00 2 W tanL W a

indicates that variations in (a) and ( go) of these magnitudes can produce
a wide range of Gc* values. Load-deflectiun curves for some of the tougher
specimens peaked prior to the onset of fast fracture. The fracture surfaces
had a fibrous appearance and indicated partial or full shear failure separa-
tion. Percent shear was not tabulated for most welded specimens since in-
terpretation of fracture appearance in terms of shear lip existence was dif-
ficult in the narrow electron beam weld zone.

Electron beam welds in solution treated, cold rolled, and aged
(800"F - 12 hr.) (CRAW) B12OVCA titanium exhibited Gc* values ranging from

257.6 to 618.1. The fracture surfaces had a partially fibrous appearance
and indicated partial shear failure.

Welds in solution-treated material which were aged (9000F - 72 hro.)
after welding (STWA) exhibited the lowest fracture-toughness properties
for electron beam welds in the BI2OVCA alloy. (Gc* ranging from 97.7 to
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123.1). The fracture surfaces were characterized by a granular appearance
and no shear lips. The fracture toughness of STWA welds was equivalent
to that of comparable base-metal aged specimens (Gc* ranging from 72.1 to
121.5).

The range of fracture-toughness properties exhibited by all welding/
aging combinations of electron beam welds in B120VCA must be interpreted on
the basis of a number of factors. Slight variations in hardness exist
across the weld zone creating a ductility gradient within each weld tested.
During testing, cradk propagation occurs along random paths and can be in-
fluenced by hardness and ductility variations.

Electron beam welds in solution treated and aged B12OVCA titanium
exhibited fracture toughness far superior to equivalently-aged base metal.
This behavior undoubtedly resulted from the greater ductility associated
with the lower strength level of the electron beam weld zone. As expected,
the extremely high strength level of the base metal with its attendant
low ductility resulted in less than optimum fracture toughness in the elec-
tron beam welds.

Comparison of the fracture-toughness of electron beam welds in B12OVCA
titanium with arc welds produced in similar base metal (Table 127 Appendix)
indicates that in spite of the high base-metal strength Level (approximately
thirty-three percent higher yield strength), electron beam welds exhibited
greater than one-hundred percent improvement in fracture toughness over arc
welds. Considerable improvement was also shown over previously produced
high-voltage electron beam welds with weld-bead surfaces ground flush.5

As was previously discussed, electron beam welding techniques developed
for B120VCA titanium were less-than optimum due to the extreme sensitivity
of this alloy to weld bead undercutting. The establishment of optimum
weld-bead quality as a criteria for acceptable electron beam welds made it
necessary to modify welding techniques in order to eliminate weld-bead
undercutting. The relatively wide fusion and heat-affected zones of the
welds shown in Figures 109, 113, and 117 result from welding with less-than
optimum electron beam welding parameters. With the development of special
welding techniques utilizing base-metal composition filler metal to eliminate
undercutting, weld zone characteristics similar to those obtained in the
weld shown in Figure 101 can be achieved. This relatively narrow, parallel-
sided weld zone, with its restricted heat-affected zones and rapid quench
rate (ensuring retention of the beta phase) should, undoubtedly, offer a
further improvement in weld strength and ductility.

D6AC Steel Trial-weld Discussion

The wide range of settings used in the production of electron beam
welds in D6AC indicates the weldability of this alloy. The welds illus-
trated in Figures 123 through 130 are representative of the many welds
produced by a variety of settings. Almost all of the welds illustrated
are sound and crack-free. Definite differences do exist in weld quality.
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Discussion of Results (Continued)

Surface defects similar to these encountered with the B120VCA titanium
were noticed early in the evaluation of trial welds in D6AC. Considerable
surface roughness and undercutting was encountered throughout the trial
welding portion of the program. This weld bead surface roughnessgppears
to be inherent to the D6AC material; in fact, other investigators have
reported this effect when electron beam welding D6AC. Welds produced in
the consumable-electrode vacuum-cast type material used for welding during
this program appear to be more susceptible to bead surface roughness than
welds produced in vacuum cast material.

The effects of welding with a focused beam are illustrated in Figure
123. The weld exhibits the classical wedge-shaped fusion zone; however,
the top bead surface is considerably rough and undercut. All trial welds
produced in both thicknesses of the D6AC with a focused, non-oscillated
beam exhibited the surface discontinuities shown in Figure 123.

Welding with a beam oscillated longitudinally with respect to the joint
being welded produced the weld of Figure 124 . The surface roughness has
effectively been smoothed out. The fusion zone of the weld is considerably
large at the top surface and decreases in a distinct taper.

An attempt to smooth the top bead surface and reduce the sharp taper
of the weld zone is illustrated in Figure 125. This weld, produced with
a beam oscillated transversely with respect to the joint being welded at a
relatively fast welding speed exhibits considerably larger zones of fusion
and heat affect. The notch-like undercutting was not eliminated.

Experience with B12OVCA titanium has shown that non-undercut welds can
be produced using moderately high beam energy, beam oscillation, and rela-
tively slow welding speeds. The welds presented in Figures 126 and 127
represent attempts at eliminating bead undercut by welding with a higher
power density beam using transverse and circular beam oscillation respec-
tively. Undercutting has been reduced; however, the weld zones are large
and considerable bottom weld-bead roughness is present on the weld shown in
Figure 127.

Bottom weld bead roughness was eliminated through the use of a slightly
defocused beam (Figures 128 and 129). Both the fusion and heat-affected
zones have been slightly increased. Eowever, overall weld-bead quality has
been improved. The weld settings associated with Figure 129 were chosen for
final welding of 0.090-inch D6AC.

As with the 0.125-inch B120VCA, a compromise between optimum electron
beam weld-zone characteristics and good visual appearance was necessary for
the 0.090-inch D6AC welds. The rough weld-bead surface obtained as a re-
sult of welding with a focused beam made it necessary to sacrifice the
deep-narrow weld zone in favor of the visually acceptable smooth, continuous
weld bead resulting from welding with a 0.015-inch diameter beam.

The 0.290-inch D6AC reacted to like welding conditions in a anner
similar to the 0.090-inch material. Therefore, trial welds with acceptable
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weld beads were produced using a slightly defocused beam; however, the
settings used to produce these welds in the thicker D6AC were not chosen as
the final weld settings for the thicker D6AC material.

The surface irregularities present on the weld beads of the 0.290-inch
D6AC extended approximately 0.010 inch below the surface of the weldment.
During trial welding it was observed that the irregularities on the top
weld bead were associated only with fully penetrated welds. Weld beads of
incompletely penetrated weld passes exhibited a sound appearance. There-
fore, a second weld pass at lower energy settings could effectively clean-
up the surface discontinuities present on the single-pass weld bead. The
cross-section of a weld in 0.290-inch D6AC produced using a two-pass tech-
nimue is shown in Figure 130.

The two-pass welding technique used to produce the weld of Figure 130
consisted of an initial pass using a sharply focused beam deflected slightly
in the transverse direction, followed by a second clean-up pass made with a
beam oscillated in a circular manner to a 0.040-inch diameter circle. The
weld exhibits the classical parallel-sided shape of a high-voltage electron
beam weld. The second weld pass has effectively smoothed the weld-bead
surface and eliminated the defects induced by the initial weld pass.

The relatively high depth-to-width ratio of the weld shown in Figure
130 (approximately 5:1) results from performing the initial welding using
"optimum electron welding conditions", i.e. relatively high energy and fast
welding speed. The clean-up pass smooths the surface irregularities but
does not affect the weld-zone characteristics. The settings used to pro-
duce the weld in Figure 130 were chosen as the final weld settings for
0.290-inch D6AC.

During the trial welding phase weld cracking was noted in the 0.290-
inch material. For example the weld of Figure 131 illustrates an inter-
granular crack extending upwards through the center of the weld zone. In
general, it was found that most of the cracks initiated in the root of the
weld where weld bead surface discontinuities were present and that the cracks
propagated upward through the center of the weld along the centerline of the
symmetrical columnar grain solidification pattern. The center of the weld
being the last to solidify, naturally exhibits a less-ductile microstructure
as a result of the more rapid cooling rate. Since it was found during sub-
sequent welding that cracking could be eliminated through post-welding
thermal treatment, it is evident that shrinkage stresses from solidification
were not responsible alone for cracking.

D6AC Steel Final-Weld Discussion

The production of sound butt welds in D6AC is highly dependent upon
optimization of weld-sone ductility through immediate post-welding thermal
treatment . The combination of the extremely high hardenability of this
alloy and the extremely rapid quench rates associated with high-voltage
electron beam welding, creates a solidification mechanism which produces a



Discussion of Results (Continued)

brittle, highly oriented martensite in the fusion zone. Unless this
martensite is tempered immediately, either by a post-weld tempering treat-
ment or a full heat treatment, an extremely high susceptibility towards
brittle behavior exists in the as-welded fusion zone.

Welds produced in both thicknesses of D6AC steel (0.090 and 0.290 inch)
exhibited a tendency towards brittle behavior when welded in the heat-treat-
ed condition and tested as-welde 1. However, welds in the thicker base metal
were characterized by a greater tendency towards brittle failure, with most
mechanical-test failures occurring in the weld zone even though no apparent
welding defects were present.

The final butt welds in both thicknesses of D6AC, illustrated in Figures
132 through 147, represent attempts to obtain electron beam weldments with
good overall visual appearance and optimum properties. For all heat treat-
ment/aging conditions the size of the fusion zones, the heat-affected zones,
and the grain size were less than those generally obtained by arc welding
in the same material thicknesses. This is especially true for electron beam
welds in the 0 290-inch thick material.

The apparent widening at the bottom of the weld zone in the 0.090-inch
weldments, resulted from the particular welding conditions used to obtain
good surface quality. Welding was performed using a beam defocused to a
0.015-inch diameter. The result of defocusing is to bring the beam focal,
or cross-over point, slightly above the surface of the weldment. This
effectively permits the beam to diffuce as it passes through the gaseous
plasma present in the fusion zone during welding, creating the wider fusion
zone at the bottom of the weld. The undesirable wider weld zone resulting
from welding with a defocused beam was the principle reason for developing
a two-pass technique as an alternate method of eliminating weld-bead
discontinuities.

As can be seen in Figure 130, the two-pass welding technique produced
a weld zone configuration typical of high-power-density electron beam weld-
ing. The extremely deep and narrow weld zone is characterized by minimal
fusion and heat-affected zone widths. However, because of the less-ductile
microstructure of the fusion zone in the as-welded D6AC steel, a two-pass
welding technique has inherent disadvantages. The effect of solidification
stresses from the second clean-up welding pass is to place the bottom of the
initial through-penetrated weld in tension. The tensile stresses in many
instances induced cracking along the less-ductile columnar grain interface
along the centerline of the weld. Figure 131 illustrates this effect.

An immediate post-welding temper (two hours at 600 F) resulted in an
improvement in weld zone ductility for 0.290 inch D6AM; however, cracking
did occur in several tempered weldments. A post-welding heat treatment (i.e.
a complete austenitizing and double temper treatment) contributed somewhat
to improved weld ductility; however, a large precentage of the welds cracked
during heat treatment either as a result of rough handling or thermal shock.

Because of the relatively poor ductility exhibited by the 0.290-inch
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Discussion of Results (Continued)

D6AC welds during preliminary mechanical property tests, mechanical prop-
erty testing of final welds in the thicker D6AC was restricted to tensile
evaluation of welds tempered immediately after welding.

With relatively few exceptions electron beam welds in 0.090-inch D6AW
did not exhibit the low ductility and brittle fracture behavior that charac-
terized welds in the thicker material. The less-than-optimum electron beam
welding parameters used to weld this thinner material did not induce the
ruenching severity present in the 0.290-inch welds. Since cooling rate can
influence the fracture transition temperature, it is evident that the less
severe cooling of the 0.090-inch welds resulted in more ductile weld-zone
behavior.

Results of tensile tests in 0.090-inch D6AC (T-ble 21) indicate that
electron beam welds in all heat treatment/welding combinations of the thinner
D6AC retain from ninety to ninety-five percent of heat-treated base-metal
tensile strength. The highest tensile strengths were exhibited by welds
given a complete heat treatment after welding; however, the elongation ob-
tained in welds tempered immediately after welding was slightly higher.

Hardness profiles for welds in 0.090-inch D6AC (Figures 149-151) show
a decrease in hardness in the heat-affected zones of welds tested either as
welded or with a post-welding temper. In most cases, failure occurred in this
zone of relatively lower strengtl.; however, some failures did occur in the
base metal. Welds that were completely heat treated after welding displayed
uniform hardness across the weld zone and base metal. The occurrence of
failure for welds heat treated after welding was distributed equally between
the base metal and the weld zone.

As was previously stated, tensile tests were performed only upon 0.290-
inch D6AC welds that were tempered immediately after welding. The results
of tensile tests performed upon tempered electron beam welds in 0. 2 90-inch
D6AC indicate that in many cases the welds exhibited ecuivalent heat-treated
base-metal strength. Elongation obtained in these welds was in general
lower than base metal.

The extremely high strength exhibited by the tempered 0.290-inch D6AC
welds-indicates that the welds were tempered fast enough to relieve the
stresses induced by the clean-up pass. The relatively low strength of weld
HWS 29-1 indicated that the clean-up-pass induced stresses were not relieved
in time to prevent cracking. Welds exhibiting intermediate tensile strengths
indicate only partially stress-relieved structures.

Electron beam welds in all heat treatment/welding conditions of 0.090-
inch D6AC and in 0.290-inch D6AC welded in the heat-treated condition and
tempered immediately after welding possessed tensile strengths in excess of
welds in similar material produced by conventional arc welding technicues.

The effect of post-welding thermal treatment on the ductility of
electron beam welds in 0.090-inch D6AC is shown in Figure 148. The ductile-
to-brittlc transition curves exhibit, as expected, a noticeable improvement
in weldment ductility for welds completely heat treated after welding. In
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Discussion of Results (Continued)

order to obtain a more meaningful comparison of transition temperatures for
D6AC steel base metal and weld, the ductile-to-brittle transition temperature
has been redefined as the temperature at the midpoint of the ductile-to-brittle
transition range with respect to bend angle.

Applying the above definition of transition temperature to Figure 148,
weldments in 0.090-inch D6AC steel that were completely heat treated after
welding exhibited a transition temperature of 500 F as compared to 470 P for
heat-treated base metal. Welds in heat-treated base metal that were tested
either as-welded or with an immediate post-welding temper exhibited identical
transition temperatures (550 F). The overall ductility of the weldments
with a post-welding temper was, however, higher than as-welded ductility.

As was previously discussed, comparison of electron beam weldment
ductility with data for arc welds is extremely difficult because of the
severity of the 1.6T bend radius for electron beam welds.

Transverse bend ductility data is not reported for 0.290-inch D6AC
welds. The high crack-susceptibility of welds in the thicker D6AC tended
to mask true weld ductility and rendered bend test data invalid.

The fracture toughness exhibited by electron beam welds in 0.090-inch
D6AC steel in all heat treatment/welding combinations was lover than the
fracture toughness of heat-treated base metal. This can be explained on the
basis of the reduced ductility and highly oriented columnar grain solidific-
ation pattern in the fusion zone.

Table 23 summarizes the results of fracture-toughness tests performed
upon all three heat treatment/welding combinations. Fracture-toughness tests
conducted on 0.090-inch D6AC steel specimens welded in the heat-treated
condition (HW), revealed the effect of the extremely hard and brittle
martensite present in untempered electron beam welds in this material. All
specimens failed either during fatigue cracking, test setup (2000 lb. preload),
or at test loads less than 6000 lbs. Fracture surfaces exhibited a granular
appearance and indicated cleavage failure. The fracture-toughness data for
EW specimens was not reported.

Welds produced in heat-treated base metal and tempered (600 F - 2 hrs.)
after welding (EWS), exhibited fracture toughness (Gc*) values ranging from
189.3 to 249.8. The fracture surfaces generally exhibited a granular appear-
ance and occasionally indicated low partial shear failure. High magnification
macroscopic examination revealed that the flat zone between occasional shear
lips coincided with the central plane of the fusion zone resulting from
columnar grain growth.

Welds in annealed D6AC which were heat treated after welding (WH), ex-
hibited the highest fracture-toughness (Gc* values ranging from 288.3 to
726.3). The fracture surfaces exhibited a fibrous appearance. Partial or
full shear failure mechanism was indicated by shear lips totalling sixty to
one-hundred percent of specimen thickness. High magnification macroscopic
examination indicated that in specimens exhibiting partial shear failure, the
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flat zone between shear lips coincided with the border between the fusion
and the heat-affected zone.

As was discussed under B12OVCA Titanium Final-weld Discussion, the
range of fracture-toughness properties exhibited by all heat treatment/
welding conbinations must be interpreted on the basis of several factors.
Slight variations in weld-bead and weld-zone geometry can occur from weld
to weld. The presence of a non-uniform hardness level within the weld zone
creates a ductility gradient. Since during fracture-toughness testing crack
propagation occurs along random paths, variable hardness, ductility, and
geometry can influence the crack path.

Examination of the hardness profiles for 0.090-inch D6AC welds (Figures
1P9 through 151) gives some indication of the hardness variation present
within welds in each heat treatment/welding condition. The hardness profile
for 0.090-inch D6AC heat treated after welding (Figure 149) is relatively
constant, with a uniform hardness existing across the weld zone and surround-
ing base metal. Therefore, the crack paths can vary over a wider range when
compared to those in the EWS specimens. Although crack propagation was
initiated in the weld (notch tips located at weld centerline), they could
continue either in the weld zone, particularly at the fusion/heat-affected
zone interface, or cross into the tougher base metal. In fact, welds in the
14 condition exhibiting fracture-toughness values in the high range generally
had larger shear lips (indicating shear failure) and eventually failed in the
base metal.

Microstructural differences (i.e. the degree of recrystallization of
the columnar-grained weld fusion zones induced by post-welding heat treatment)
offer another possible explanation for variation in fracture-toughness prop-
erties of the WH welds. The heat treatment chosen for use during the subject
program included a one-hour hardening treatment at 1600 F. Late in the
program it was discovered that this austenitizing treatment did not always
produce full. recrystallization of the weld zone in the 0.090 inch D6AC steel.

The weld zone microstructures shown in Figures 135 and 143 illustrate
differences in degree of fusion zone recrystallization occurring after heat
treatment of welds in annealed material.

The results of fracture-toughness tests performed on all three heat
treatment/welding conditions of 0.090-inch D6AC steel indicate that maximum
fracture toughness is obtained from welds fully heat treated after welding.
Welds produced in heat-treated material that were tempered immediately after
welding exhibited lower fracture-toughness. The presence of the brittle un-
tempered martensite in welds in heat-treated material tested as-welded,
resulted in premature brittle fracture during preliminary phases of testing.
For welds fully heat treated after welding, fracture-toughness up to 65$ of
base metal was obtained.

Data obtained during impact testing of 0.290-inch D6AC welds (T'ble 24)
further bears out the need for an immediate post-welding thermal treatment.
The specimen used, an unnotched substandard Izod specimen, was chosen in
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order to eliminate the need for locating a notch or key-hole in the narrow
electron beam weld zone. Failure did not occur during impact testing of
base-metal specimens. Tests performed on welds were valid, however, with
failure occurring either completely in the weld zone or partially in the
base metal. Welds with an immediate post-weld temper exhibited superior
impact properties. No data was obtained for welds completely heat treated
after welding because of fracture of weldments during heat treatment.

The results of mechanical property tests performed on both 0.090- and
0.290-inch D6AC indicate the need for an immediate post-welding thermal
treatment. For all types of mechanical tests performed (tensile, transverse
bend, internal-notch fracture toughness, and impact) superior strength and
ductility were exhibited by welds subjected to either an immediate temper
or complete heat treatment after welding.
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TABLE 1

Test Material

Material Thickness Quantity Billet/Heat Number
(inches) Sq. Ft.

B12OVCA Titanium 0.250 11.25 D - 1684

B12OVCA Titanium 0.125 34.5 D - 2617

B12OVCA Titanium 0.125 6.1 D - 496

Ladish D6AC Steel 0.300 48 06765

Ladish D6AC Steel 0.100 48 06251

Molybdenum-0.5% Titanium 0.050 3.6 KIYM 702A

Pure Tungsten 0.050 5.4 M-61-1-68

Beryllium 0.040 10.0 Sheet No. 30A

Molybdenum-0.5% Titanium* 0.100 4.9 T-5077-A2

Molybdenum-0.5% Titanium* 0.005 3.5 T-5042-A2-2

Pure Tungsten* 0.100 3.5 U4.5-2974

Pure Tungsten* 0.005 3.0 U4.5-2974

*Mterial transferred to program from previous program conducted under Air
Force Contract AF 33(616)-7ý39 Task Number 735102
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Bend Mandrel Radii

Material Thickness (inches) Bend Radius
(T sheet thickness)

B120VCA Titanium 0.125 1.25T

D6AC 0.290 1.6 T

D6Ac 0.090 1.6 T

Mo-0.5% Ti 0.100 1.5 T

Mo-0•5% Ti 0.050 1.25T

Mo-0.5% Ti 0.005 4.0 T

Tungsten 0.100 1.5 T

Tungsten 0.050 1.25T

Tungsten 0.005 4.0 T

Beryllium 0.OhO 1.1 T
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TABLE 4

Cleaning Procedures

Material Cleaning Procedure

D6Ac a. Anodic Clean - Water rinse
b. 50% Acueous solution HCI
a. Water Rinse

B12OVCA a. 110 F Solution of 1 part HF +
10 parts HNO3 + 20 parts 120

b. Water Rinse
c. 150 F Solution 30% H2%S0
d. Water Rinse

Mo-0.5% Ti a. 180 F Solution of 10% NaOH +
5% 1Q.04 + 85% H20 - 5-minute
immersion, Followed by

b. Room temperature-solution of 15%
HC1 + 15% H2So4 + 10% Cr03 + 60 %
%0

c. Water Rinse

Tungsten a. 1-minute immersion in solution of
50% H? + 50% HNo 3

b. Water Rinse

Beryllium a. 1-minute immersion in solution of
2% EF + 40% Mo3 + 58% H20

b. Water Rinse
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TAWL 8

Room Temperature hase-metal Hardness Properties

Material Thickness Condition VEX Equivalent

(Inch)

B12OVCA 0.125 Solution Treated 386 32.1

BI2OVCA 0.125 Solution Treated and 320 39.4
Aged

BI20VCA 0.125 Solution Treated and 440 44.5
Cold Rolled

B12OVCA 0.125 Solution Treated, Cold 446 44.5
Rolled and Aged

(Direct Rockwell Measurement) 49.5

D6AC 0.090 Annealed 183 (6.34)

D6AC 0.090 Heat Treated to 2TTOO 548 52.1

D6AM 0.290 Annealed 220 (15.6)

D6AC 0.290 Heat Treated to 2T700 528 51

Mo-0.5% Ti 0.100 As Received 324 --

Mo0-0.5% Ti 0.100 Recrystallized 186 --

Mo-O.5% Ti 0.050 As Received 285 --

Mo-0.5$ Ti 0.050 Recrystallized 218 --

Mo0-0.5 Ti 0.005 As Received 325 --

Mo0-.5% Ti 0.005 Recrystallized 193 --

Tungsten 0.100 As Received 457 --

Tungsten 0.100 Recrystallized 351 --

Tungsten 0.050 As Received 507 --

Tungsten 0.050 Recrystallized 411 --

Tungsten 0.005 As Received 1467 --

Tungsten 0.005 Recrystallized 379 --
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TABLE 13

0.290-Inch D6AC Steel Base-metal Impact Test Results

Impact Strength
Material Condition Ft-lbs) Hardness (Re)

D6AC Annealed 91 NF* 38.5 **
D6AC Annealed 93 NP 37.5
D6AC Annealed 95 NF 37.5

D6AC Heat Treated 120 NF 51.5
D6PC Heat Treated 120 NF 51.5
D6Ac Heat Treated 120 NF 51.5

Specimen Type: Unnotched Substandard Izod

* NF - Specimen Not Failed During Test

** Material annealed after heat treatment to 2T700 condition
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TABLE 14

Electron Beam Weld Tensile Properties

0.040-Inch Beryllium

Test Ultimate Yield
Temperature Strength Strength Elongtion

(F) (psi) (psi) (% in 1 inch)

80 43,400 None 0
80 44,400 None 0
80 47,200 43,900 0.5
500 42,800 34,i00 18.5
500 42, 600 33,300 9.5
500 42,0oo0 34,0ooo 9.5
1000 25,60o 23,4oo 3.5
1000 24,700 23,800 3.5
1000 24,700 23,400 3.5

TABLE 15

Electron Beam Weld Ductile-to-brittle Transition Temperature

0.040-Inch Beryllium

Ductile-to-brittle
Condition Transition Temperature Bend Radius

Electron Beam Welded 1040 F 1.1 T
Base Metal 4OO F 1.1 T
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TABLE 22

Electron Beam Weld Ductile-to-brittle Transition Temperatures

0.090-inch D6AC Steel

Ductile-to-brittle Bend

Material Condition Transition Temperature Radius

D6Ac Welded - Heat Treated 500 F 1.6T

D6AC Heat Treated - Welded 550 F 1.6T

D6Ac Heat Treated - Welded - Stress
Relieved 550 F 1.6T

D6AC Annealed - Base Metal <RT 1.6T

D6AO Heat Treated - Base Metal 470 F 1.6T
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TABLE 24

Electron Beam Weld Impact Test Results

0.290-inch D6AC Steel

Impact Strength Hardness
Condition Ft-Lbs Location of Failure (Re)

HW* 2.0 Weld 50.5
HW• .15 Weld 51
HW1 .5 30% in Base Metal 51
HW* 3.0 30% in Base Metal 51
HW* 1.0 Weld 51

1H i0.0 95% in Base Metal 50
HW** 0 Weld 50
EW** 0 30% in Base Metal 49.5
HW** 0 Weld 50.5
HW** 0 Weld 50

JWS* 3.0 20% in Base Metal 50.5
MWS* 5.0 30% in Base Metal 50.5
WS* 4.0 10% in Base Metal 50.5
rjS* 1.0 10% in Base Metal 50.5

HWS* 2.5 30% in Base Metal 50.5
HWS** 39.0 50% in Base Metal 50.5

WS** 110.0 60% in Base Metal 50.5
]WS* 15.0 30% in Base Metal 50.5
HWS** 44.0 40% in Base Metal 50.5
IHS** 41.o 40% in Base Metal 50.5

SSpecimen tested with face of weld in tension

* Specimen tested with root of weld in tension

8C'



E, I

umu-eFigure 1. *0.290-.Inch D6AO Base Metal
a. As receivedL
b.* After grinding
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230,000
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Iii AGING TEMPERATURE 8000F

QIULTIMATE TENSILE170,000-STRENGTH

130

S25
84 108-

25-

W|10 101

at5-

12 36 60 84 108
AGING TIME (HRS)

Figure 2. Aging Characteristics of Solution Treated
0.125-Inch B12OVCA Titanium Plate
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S200 // AGING TEMPERATURE 900OF
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AYIELD STRENGTH AT 0.2% OFFSET

0 4 AGING TIME (HwS) 16 20
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0 4 a 12 IS 20
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Figure 3. Aging Characteristics of Solution Treated and
50 Cold Rolled 0.125-Inch B12OVCA Titanium Plate
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ILO00

3.8750•-

1.000

1.000 LO.O00

-I

AS RECEIEOT

NOTE% ALL DIMENSIONS IN INCHES

Figure 4. Room-Temperature Tensile Specimen Drawing
(D6AC Steel and BI2OVCA Titanium)

E @24- Figure5. Room-Temperature Tensile Specimen
(DCC Steel and B120VCA Titanium)
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SWELD

WELD AS RECEIVEDi-

,4000 T
NOTE:ALL DIMENSIONS IN INCHES 4

Figure 6. Room and Elevated-temperature Tensile Specimen Drawing
(MO-0.5% Ti, Tungsten, and Beryllium)

azm"-$ Figure 7. Room and Elevated-temperature Tensile Specimen
(Mo-0.5% Ti, Tungsten, and Beryllium)
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6.000 IN.

-7
1.250 IN.

AS RECEIVED' T

Figure 12. Bend Specimen flrain
(fl6A Steel and Bl20VCA Titaim

* meNFigure 13. Bend Specimen
(DEAC Steel and Bl20VCA Titanium)
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S~0.500 IN.

WELD A

- 4.000 IN. J7
Figure 14. Bend Specimen Drawing

(Mo-O.5% Ti, Tungsten, and Beryllium)

E0827-8 Figure 15. Bend Specimen
(Mo-0.5% Ti, Tungsten, and Beryllium)
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*0.005 *0.005

3.030

OZ-99 DIA -TWO HOLESASRCIE

®ý LOCATE CENTERLINE tO.OlO
NOTE: ALL DIMENSIONS IN INCHES

0.745K.

MXMMNOTCH 01

0.001 I. 0.201N.

NOTCH DETAIL

Figure 17'. Internal-notch Tensile Specimen Drawing
(D6Ac Steel and B120VCA Titanium)

Figure 18. Internal-notch
Tensile Specimen (D6AC Steel
and B120VCA Titanium)
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0.290
2.952 IN.

1.092 IN. PD

•0.290 IN.
WELD

Figure 22. Impact Specimen Drawing (D6AC)

z mao-s Figure 23. Impact Specimen (D6AC)
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INSULATOR

VALVE

COLUMN VALVEDIAPHRAGM- !

MAGNETIC

LENS ASSEMBLY

WELDING
CHAMBER "-DEFLECTION

COIL

I IIWRKPIECE• TO VACUUM
• ••IIJ• •SYSTE'M

Figure 25. Electron Beam Welding Machine Schematic
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pI

I

maso-s Figure 28. Typical Welding Fixture
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jI 4.250 IN.

L -

-- I 4.000 IN.--

AS RECEIVED 2

Figure 29. Final Butt-weld Specimen Drawing for Tensile Evaluation
(D6AC Steel and B12OVCA Titanium)

Ern•,-, Figure 30. Final Butt-weld Specimen for Tensile Evaluation
(D6AC Steel and B12OVCA Titanium)
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I 6.250 IN.

H-3.000 IN.-41

AS RECEIVED 1

Figure 31. Final Butt -weld Specimen Dlrawing for Bend Evaluation

(D6AC Steel and Bl20VCA Titanium)

Emasz-a Figure 32. Final Butt-weld Specimen for Bend Evaluation
(DEAC Steel and B120VCA Titanium)
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F -

6.250 IN.

6.000 IN. -

AS RECEIVED-J

Figure 33. Final Butt-weld Specimen Drawing for Internal-Notch Tensile
Evaluetion (D6AC Steel and B12OVCA Titanium)

guess-s Figure 34. Final Butt-weld Specimen for Internal-Notch Tensile
Evaluation (D6AC Steel and B12OVCA Titanium)
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1.250 IN.

L 2.0000IN.

AS RECEIVED--

Figure 35. Final Butt-weld Specimen Drawing for Tensile Evaluation
(M0-0 .5% Ti/tungsten, and beryllium)

Iq

K..a-a Figure 36. Final Butt-weld Specimen for Tensile Evaluation
(Mo-0 .5% Ti/tungsten, and beryllium)
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1.25C-NI -I

-- 2.000-IN. I

AS RECEIVEDi

Figure 37. Final Butt-weld Specimen Drawing for Bend Evaluation
(Mo-0.5% Ti/tungsten, and beryllium)

5-32490 Figure 38. Final Butt-weld Specimen for Bend Evaluation
(Mo-0.5% Ti/tungsten, and beryllium)
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E0835-4 Figure 39. Welded Internal-Notch Tensile Specimen
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a - p

.w r-t7 % ? - 1ý ý a

I -7

*,. 12 2'

Figure 42. B120VCA Titanium Base Figure 41. B120VCA Titanium Base
Metal; 0.125-Inch Solutiond TReated; Metal; 0.125-Inch Solutiond TReated;
X200 After Aging 72 Hours at 900 F;X200
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Zj..~" 71 -I 1

~ -~ ~&~A

Figure t44. D6AC Steel Base Metal; Figure '45. 7D6AC Steel Base Metal;
C.090-Thch Annealed; X22.' C.C90-Tnch Annealed; After Heat

Treatment to 2T7C0; X-200

Figure 46. D6AC Steel Base Metal; Figure 47. D6AC St-eel Base Metal;
0.290-Inch Annealed; X200 0.290-Inch Annealed; After Heat

Treatment to 2T700; X200
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Fir 48. Bas Mea;Fgue4. -

-, 

-,(3-- 
r

SMP 4150 - m 1,41 ~

Figure 50. :'i-0.5% Ti Base Metal; Figure 519. Mz-0.5% Ti Base Metal;
DlCC-Inch As-received; X200 0.CC5-Inch Recrystallized; X200

110



M P4149M 39

Figure 52.- Mo-2-.5'11 Ti Base Metal; Figure 53. mo-2 .5% Ti Base Metal;

').C2'5-Thch As-received; X2CC , '.22-5-lnch Recrystallized; X200

-7-

=V7 .

Tigu:ýe 54±. Tungsten Base Metal; Figure 55. Tungsten Base Metal;

lC .1-Inch As-received; X2CC' C.1CCý-7nch Recrystallized; X200
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, I,

• . .. . . - - - . -. e . .-.. .

Si -

Figure 56. Tungsten Base Metal; 'Figure 57. Tungsten Base Metal;
0.05C =!nch As-received; X2C 2 ý . -5Inch Recrystallized; X200

-. L- > ,4-

M P 3886

Figure 56. Tangsten Base Metal; Figure 5). T-ungsten Bise Metal;C -CO5Inch As-received; X2,7 .... 5-Inch Recrystallized; X200
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Figure 60. Beryllium Base Metal;
0.0h0-Inch As-received; X200

a. As-received b. After Grinding

Figure 61. 0.090-Inch D6AC
Base Metal Cross-section; X200
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Figure 62. Trial Weld Cross-section;
0.OhO-Thch Beryllium; X70; 100 KV, 12 ma,
27 ipm

I N

E B640-4

Figure 63. Trial Weld Cross-section; Figure 64 Trial Wcld Cross-section;
0.01K)-Inch Beryllium; X70; 120 KV, 0.0140-Inch Beryllium; X70; 120 KV,
7 ma, 80 ipm 7 ma., 80 ipm, Longitudinal Beam

Oscillation

114



E B639-4

Figure 65. Trial Weld Cross-section;
O.040-Inch Beryllium; X70; 120 KV, 7 ma,
80 ipm, Circular Beam Oscillation

IC mOSS -,,A

Figure 66. Trial Weld Cross-section;
0.040-Inch Beryllium; X70; 110 KV, 2.5 ma,
15 ipm, 0.015-Inch Diameter Beam
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L 6636-4

Figure 67. Trial Weld Cross.-section;
0.040-Inch Beryllium; X70; 75 KV, 6 ma,
15 ipm, 0.020-Inch Diameter Beam

Figure 68. Trial W~eld Cross-section;
0.0 140-Inch Beryllium; X70; 65 KV, 7 ma,
15 ipm, 0.020-Inch Diameter Beam
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70
daft- BASE METAL
*.
060log 6o -

50 -

"420
zI

80F 500OF IOOOF
TEMPERATURE (OF)

Figure 73 Ultimate Tensile Strength vs. Temperature;
0.040-Inch Beryllium Welds
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100

wJ so-

-J

60- BASE METAL

z

40 ELECTRON A
BEAM
WELDED

z
20

100 300 500 700 900 1100 1300

TEMPERATURE (OF)

Figure 74. Bend Angle vs. Temperature; 0.040-Inch Beryllium Welds

119



Ti-ng st en MO-0.5% Ti

E B617-

Figure 75. Trial Weld Cross-section; Figure 76. Trial Weld Cross-section;
X20; 0.100-Inch Mo-0.5% Ti/Tungsten; X20; 0.100-Inch Mo-0.5% Ti/Tungsten;
Beam Located on Joint Centerline Beam Located 0.010 Inch in Mo-0.5% Ti

ý.7

EBB5-8 E S61I9-8

Figure 77. Trial Weld Cross-section; Figure 78. Trial Weld Cross-section;
X20; 0.100-Inch Mo-0.5% Ti/Tungsten; X20; 0.100-Inch Mo-0.5% Ti/Tungsten;
Beam Located 0.010 Inch Tungsten Beam Located 0.006 Inch in Tungsten
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Tungsten Mo-O.0 5% T"

E 9836-8E83-

Figure 79. Trial Weld Cross-section; Figure 80. Trial Weld Cross-section;
X20; 0.050-Inch Mo-0.5% Ti/Tungsten; X20; 0.050-Inch Mo-0.5% Ti/Tungsten;
Beam Located on Joint Centerline Beam TLcated 0.005 Inch in Mo-0.5% Ti

EB9838-8

Figure 81. Trial Weld Cross-section;
X20; 0.050-Inch Mo-0.5% Ti/Tungsten;
Beam Located 0.005 Inch in Tungsten
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100

90

Mo-O.5% TI
I-- BASE METAL

S.oMo-0.5% TI
WELDMENTSw

Iw A

5ee Mo-0.5% Ti WELDED

TO TUNGSTEN

* Mo-0.5% Ti WELDED TO TUNGSTEN
40 8 Mo-0.5% Ti WELDMENTS

A TUNGSTEN WELDMENTS
o Mo-0.5% TI BASE METAL
A TUNGSTEN BASE METAL

30 j
0 500 1000 1500 2000 2500

TEMPERATURE (OF)

Figure 97. Ultimate Tensile Strength vs. Temperature;
0.050-inch Mo-0.5% Ti/Tungsten Welds
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LIMIT OF
FIXTURE

120

100

o0 60-
w

ram TUNGSTEN
0) Mo-0.5% Ti WELDMENTS WELDMENTS

S40 TRANSITION TEMPERATR7 TRANSITION

< 'ý7ýý >900F

20.

180

0 I00 300 500 700 900 1100
TEMPERATURE (*F)

Figure 98. Bend Angle vs. Temperature; O.100-Inch Mo-0.5% Ti/Tungsten Welds
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120 --

O TUNGSTEN BASE METAL
D Mo-0.5% TI BASE METAL

-0-. Mo-05% Ti/TUNGSTEN
-- -WELDMENTS

I 360

3

3010

0 200 400 600 800 1000

TEMPERATURE (OF)

Figure 99. Bend Angle vs. Temperature;
0.050-Inch Mo-0.5% Ti/Tungsten Welds
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120 ,,,---

190

S/6

hO

0 0
U.
0

a Mo-0.5%TI BASE METAL

o TUNGSTEN BASE METAL
0Mo-O.5 % Ti /TUINGSTEN WELD

Figure 100.* Bend Angle vs. Temperature;
O.005-Inch Mo-0.5% Ti/Tun2sten Welds

129



Figure 101. Trial Weld Cross-
section; X20; 0.125-inch B12OVCA
Ti; 150 KV, 10 ma, 50 ipm

Figure 102. Trial Weld Cross-section; X20;
0.125-Inch B12OVCA Ti; 150 KV, 10 ma, 50 ipm,
0.020-Inch Y Oscillation
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Figure 103. Trial Weld Cross-section; X20;
0.125-inch B120VCA Ti; 150 KV, 10 ma, 410 ipm,
0.020-inch Circular Oscillation

Figure 104. Trial Weld Cross-section; X20;

0.125-Inch B12OVCA Ti; 140 KV, 15 ma, 50 ipm,
0.020-Inch Y Oscillation
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Figure 105. Trial Weld Cross-section; X20;
0.125-inch B120VCA Ti; 140 KV, 16 ma, 4o ipm,
0.020-inch Circular Oscillation

Figure 106. Trial Weld Cross-section; X20;
0.125-inih B12OVCA Ti; 150 KV, 7 ma, 22 ipm,
0.075-inch X Oscillation
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0 SOLUTION TREATED BASE METAL

100 - A SOLUTION TREATED AND AGED BASE METAL
13 COLD ROLLED AND AGED

BASE METAL

N WELDED IN THE COLD ROLLED
AND AGED CONDITION

A WELDED IN THE SOLUTION
IS TREATED CONDITIONAGED

AFTER WELDING
0 WELDED IN THE SOLUTION

TREATED AND AGED CONDITIONz S

0

z
40

20

0 200 400 600 600 1000
TEMPERATURE (*F)

Figure 119. Bend Angle vs. Temperature; 0.125-Inch
B12OVCA Titanium Weldments
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Figure 123. Trial Weld Cross- Figure 1214.. Trial Weld Cross-
section; X20; 0.090-Tnch TJ6Ac; section; X20; 0.090-Inch D6AC;
130KV, 15 ma., 60 ipm 150 KV, 10 ma, 55 ipm, 0.010-Inch

X Oscillation

Figure 125. Trial Weld Cross- Figure 126. Trial Weld Cross-
section; X20; 0.090-I-nch fl6AC; section; )20; 0.090-Inch DGAC;
130 KV, 15 ma, 70 ipm, 0.010-Inch 150 Kv, 10 ma, 55 iPm, 0.015-Inch
Y Oscillation Y Oscillation
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N, i

Figure 127. Trial Weld Cross- Figure 128. Trial Weld Cross-
section; X20; 0.090-Inch D6AC; section; X20; 0.090-Inch D6AC;
150 KV, 10 ma, 55 ipm, 0.015-Inch 150 KV, 11 ma, 50 ipm, O.OlO-Inch
Circular Oscillation Diameter Beam

Figure 129. Trial Weld Cross-
section; X20; 0.090-Inch D6AC;
150 KV, 15 ma, 58 ipm, 0.015-Inch
Diameter Beam
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Figure 130. Trial Weld Cross-section; X20; 0.290-Tnch D6AC; 150 KV,
21 ma, 24 ipm, 0.005-Inch Y Oscillation, With Second Clean-up Pass
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Figure 131. Trial Weld Cross-section; X20; O.290-Tnch D6AC
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Figure 1142. Final Weld Cross-
section; X20; 0.290-Inch D6AC;
Welded in the Annealed Condition
and Heat Treated After Welding

44

~ ,A,

,4 ~

Figure 1~43. Final Weld
Microstructure; X100; 0.290-nh- '

D6AC; Welded in the Annealed
Conditicn and Heat Treated ~ ~
After Welding
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Figure 14.6. Final Weld Cross-
section; X20; 0.290-Inch D6AC;
Welded in the Heat Treated
Condition
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Figure l14~7. Final Weld
Microstructure; X100; 0.290-Inch
D6AC; Welded in the Heat Treated
Condition
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Figure I48. Bend Angle vs. Temperature; 0.090-Inch D6AC Steel
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APPENDIX

Evaluation of Fracture Toughness

The fracture toughness value ("G.") indicates the ability of a material
to resist failure due to the propagation of an already-present through-crack
during load application. It should be noted that standard mechanical tests
do not measure this property; i.e. the tensile test, the fatigue test, the
standard notch tensile test, and even the standard impact test which
measures the energy to fail an unnotched or notched specimen by causing a
crack which ultimately leads to failure.

Fracture toughness tests are currently being used to determine the
relative merit of different high strength materials for use in rocket cases
at specific levels of yield strength. While the yield strength may be
readily measured from a load-deflection curve of an unnotched tensile
specimen, fracture toughness evaluation is somewhat more involved since
measurement of crack growth of a notched tensile specimen is needed in
addition to the load-deflection curve. Specifically, determination of the
slow crack growth up to the onset of fast fracture is necessary. This crack
length is then used to calculate "Gc", the value of the energy necessary
for rapid crack extension (also known as the critical crack extension force,
fracture extension force, or fracture toughness).

A comprehensive survey of techniques 1 through 21 currently being used
to evaluate fracture toughness was conducted prior to final choice of the
evaluation method used in the subject program.

Briefly, edge-notch tensile tests were eliminated because they are
currently considered more applicable as a screening method. Precracked
Charpy-specimen tests are still in the early stages of development, and in
any case, although economical, are not readily suitable for testing
electron beam weldments in the as-welded condition. Various bend tests are
in the early stages of development, and bulge tests are not considered
applicable for the butt-welds being tested.

The center-notch tensile test was finally chosen because of its
accuracy, particular suitability for electron beam weldments, and general
acceptance by industry. However, the ink-staining technique originally
proposed for measuring slow crack growth was dropped for three reasons:
1) considerable judgment as to the quantity of ink applied to the notch
root was required--too much ink caused ink splatter at fast fracture which
in turn caused an overestimate of fast fracture crack length, and too little
ink caused exhaustion of the fluid prior to fast fracture which in turn
caused an underestimate of the fast fracture crack length; 2) ink has been
proved to cause an environmental effect which leads to an erroneous Gc
evaluation; and 3) ink staining techniques are insensitive to the stress
field disturbance resulting from plastic flow relaxation at the crack tip
and thus necessitate a correction factor for the plastic zone at the
crack tip in the calculation of Gc.

The specimen used for center notch tensile testing was shown in
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APPENDIX (Continued)

Figures 17 and 38. Internal notching of the specimen was accomplished by
spark-erosion machining. A two-ampere discharge current was used to
produce a smooth sided cut and a maximum notch tip radius of 0.005 inch.
The notch tips were then fatigue cracked by alternate bending in a Krouse
plate cyclic bending machine. Base-metal specimens were easily through-
cracked, (except for an infinitesimally small section at the neutral axis)
using zero (0) mean stress.

Because of weld metal protrusion, welded specimens required a small
mean stress causing more tension on the root side in order to produce fairly
even "wing" cracks.

In a valid fracture - toughness test the crack-tip plastic zone is
small in relation to the crack dimensions and the elastic stress fieldl9 .
Under such conditions the effective stiffness of the specimen containing the
crack will be a function of the extent by which the specimen has been
parted by the crack. With crack growth, less of the section remains to
support the load, and the strains become correspondingly higher, with the
result that the load to extension ratio or elastic modulus decreases.
Ideally, a load - extension curve between points on either side of a
centrally notched plate should show an initially constant slope character-
istic of the notch length. Then as a crack propagates from the notch, a
decrease in slope similar to the onset of plastic flow in an unnotched
specimen would appear. This curve would differ from a normal stress-
strain curve, however, in that upon unloading it would return to the origin
along a straight line, the slope of which would be characteristic of the
total crack length attained. Accordingly, a line drawn from the origin to
any point on the curve would have a slope characteristic of the crack
length attained at that point. Thus, measurement of extension of the
notched specimen during loading up to the onset of fast fracture (the point
of maximum load in a valid fracture toughness test) should provide a measure
of the crack length at that point.

Applying the fracture-mechanics discussed above, a calibration curve20

was drawn for two 3-inch wide specimens of different materials (refer to
Figmre Al). The apparent elastic moduli of the specimens were determined
for a variety of center-slot lengths. The percent (%) decrease in modulus
vs. increasing crack length was plotted. It was found that the curves were
essentially linear for slot lengths between 1 and 1.5 (or even 1.8 inches)
and furthermore, that the curves for the two different materials were very
close together. From the slope of the curve in the straight-line range, an
expression for crack growth as a function of percent decrease in the
apparent modulus was obtained: crack growth (in.)=(% decrease in modulus)
x (0.0185). It has been further proposed2 l, that within the limits of
experimental error, this relationship holds true for all materials that
lend themselves to fracture-toughness evaluation.

An extensometer was used to measure the displacement across the notch
of the sheet specimen. The displacement and maximum load were converLed
into an apparent modulus. Percent decrease in modulus was calculated from
ratio of apparent modulus to actual modulus of the load-deflection curve
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APPENDIX (Continued)

(see Figure A2). The crack growth was then obtained from the calibration
curve of percent decrease in modulus versus crack length (Figure Al).

An extensometer - compliance gauge was used for initial fracture
toughness tests. It soon became evident, however, that the extensometer
was being severely shock-loaded upon fracture of the more brittle specimens.
Also, because of the built-in magnification factor of the compliance gauge,
and the limited range of the extensometer, the displacement across the notch
of the more ductile specimens could not be measured. Therefore, the
compliance gauge was eliminated and a new 2-inch gauge length, medium
magnification, medium range, extensometer was modified in order to measure
all types of specimens tested during the subject program.

Certain slight errors are possible in current methods of evaluation of
fracture toughness. Human errors can occur during measurement of 2ao and
determination of the slow crack growth by a graphical method. The
determination of the 1/2 crack length (a), by the technique described above
is believed to be more accurate than the ink-staining technique and safer
perhaps than a calculation technique1 9 which could incorrate up to a 10
percent error in a direct elastic modulus determination (as a result of in-
herent tensile machine error). The graphical method used allows20 for a
cancellation of errors in modulus determination since it is based on the
difference between the initial modulus and the apparent modulus.
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APPENDIX (Continued)

Notes

In order for a fracture toughness test to be valid, the conditions
below must be satisfied.

1. A nominal specimen limitation of 16t < W < 45t was adopted by the
ASTM Committee* for the following reasons: if the width of the specimen is
greater than 16 times the thickness the propagation of a nominal 2a crack
or flaw can be contained or even stopped within the elastic stress field,
i.e. the plastic zone at the crack tip should not exceed the elastic stress
field of the specimen, otherwise the elastic stress analysis upon which
fracture toughness determinations are based would be violated; if the width
of a thin sheet specimen is greater than 45 times the thickness the specimen
may tend to buckle during the test.

2. The initial slot length (2ao) should be 30 to 40 percent of the
specimen width (0.3 W < 2a0 < o.4 W). This nominal limitation on internal-
slot length was adopted by the ASTM Committee in order to ensure the
validity of the fracture-toughness test with respect to the original elastic
stress analysis.

3. The 2a crack length should not exceed 0.6 W (W referring to
specimen width). If the 0.6 W crack length is exceeded, the specimen is too
ductile for a valid fracture toughness determination. A similar limitation
imposed by the ASTM Committee is ax • av , or that the net section stress
should not exceed the tensile yield strenih in a valid fracture toughness
test.

4. Due to the technique of measurement all fracture toughness values
reported have been inherently corrected for the plastic zone at the irack
tip. Therefore, fracture toughness values are reported as Gc* or Kc , the
asterisk symbolizing inclusion of the plastic zone correction.

*ASTM Committee on Fracture Testing of High Strength Sheet Materials
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APPEDIX (Continued)

List of Symbols

P a maximum load at onset of fast fracture (lbs.)

W a specimen width (in.)

t x sheet thickness (in.)

a0 . 1/2 initial center-slot length =notch length + fatigue cracks (in.)
2

a a 1/2 crack length at onset of fast fracture *2aO + slow 2crack growth (in.)

O - a (radians)

E - elastic modulus (psi)

O = gross section stress a P (psi)Wt

ax a net section stress = P (psi)
(W-2a) t

oyss yield strength (psi)

p . density (lbs./in. 3)

R • notch strength w P (psi)
(w - 2ao) t

Gck frctue tughess(in. lb,)G i fracture toughness n. [Corrected for plastic zone at crack tips]

K critical crack toughness index (ksi %in.)

Klc= plane-strain fracture toughness index (ideal)

KNc, opening mode or plane-strain toughness index (ksi './i.)
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List of Symbols (Continued)

G~ uplane-strain fracture toughness (in. lb.)

PNO sload at minor instability; crack pop-in or deviation of apparent modulus
from linearity (lbs.)

P -Poisson's Ratio

&No opening-mode gross stress = PNc
wt
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APPMDIX (Continued)

List of Equations

Gc. a02 W tan 0 where 0 r na
E W

o-.* orE Go

yield strength: density ratio (in.)
p

R= notch strength: yield strength ratio
Oys

G aNN 2 W tan

(KNc KE0)
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APPENDIX

Sample Cslculat ion

Sample calculation for specimen #102, 0.090" D6AC base-metal heat
%reated to the 2T700 condition.

1. Determine gross section stress, do - .-- (psi)

24,100 lb. 92,400 psi

(2.90 in.)(0.090 in.) - ,0

2. Determine 1/2 crack length at onset of fast fracture (a) by method
shown in Figure A-2.

20,700 lb. - 12,800 lb. X 100 = percent decrease in modulus - 38.1%.
20,700 lb.

(38.1%) X (0.0185) : Crack Growth a 0.70 in.

2ao + Crack Growth a 1.04 + 0.70 = 0.87 in.
222

3. Calculate fracture toughness, Gc* = o02W tan 0 ( in-lb )
0 -I---

where 0 a (radians)

(9.0 ti 6 01 11 in.-lb.(92 10) X Ox 2.90 tan Ir ('87) x 3L 1113
30.5 x lo6 2.90 21 J

4. Calculate critical crack toughness index, Kc* = • (ksif-in)

!30.5 X 1113 = 184 ksi j-in.

5. Calculate net section stress, ax =- (psi)
(W-27at

24,100 230,800 psi

(2.90-1.74)(o.o9o)
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"""--POINT OF FAST FRACTURE/, ~(MAXOMM L.OAD)

I'

LINE DRAWN FROM ORNIIN TO
POINT OF PAST FRACTURE

P2

0

DEFLECTION (INCHES X IO3)

Pl-PqPERCENT DECREASE IN MODULUS- a ''- X 100

(PERCENT DECREASE IN MODULU )x'(O.0O& ), CRACK
GROWTH IN INCHES

Figure 158 Method for Computing Slow Crack Growth
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